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ABSTRACT
Transcriptional repression through cis and trans acting factors enabling an
alternate approach to control of angiotensin type 1 receptor (ATlR) expression has not
been studied. In prior investigation treatment with retinoic acid was associated with
enhanced insulin sensitivity. In our previous study, expression of ATlR has been
inversely correlated with intracellular glucose concentrations. Therefore we hypothesized
that 13-cis retinoic acid (13cRA), an antioxidant, enhances insulin sensitive glucose
mediated down-regulation of the ATlR. Our study shows that cells exposed to 13cRA
specifically down-regulated the ATlR protein in a dose and time dependent manner.
Down-regulation of the ATlR expression leads to reduced Angil mediated intracellular
calcium release, a hallmark of receptor mediated intracellular signaling. Consistently with
receptor down-regulation, we observed significant reduction in ATlR mRNA; however,
the AT 1R down-regulation was independent of insulin sensitive glucose uptake.
Treatment with 13cRA results in phosphorylation of p42/p44 MAP Kinases in these cells.
Subsequent studies using MEK inhibitor PD98059 prevented 13cRA mediated ATlR
down-regulation as well as restored Angil mediated intracellular calcium response.
Furthermore, serially deleted promoter constructs of the ATlR indicated that a region
between - 2541 and -1836 bp upstream of the mRNA start site has an Spl binding site
(5' -GGGGCGGGGC-3'), which was involved in 13cRA's ability to down-regulate
ATlR gene expression. Mobility shift assay using the Spl binding site displayed a
blockade of Spl binding activity upon treatment with 13cRA. Under similar conditions,
we observed a significant increase in early growth response protein 1 (Egr-1) expression.
Blocking MAP Kinase phosphorylation results in no increase in Egr-1 protein expression
vii
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and no down-regulation of ATlR mRNA and protein. Treatment with cycloheximide
indicates that ATlR down-regulation requires de novo protein synthesis of Egr-1 . The
essential role and interplay of Egr-1 and Sp 1 in the regulation of ATlR transcription were
confirmed by siRNA mediated effective silencing of these proteins and their actions on
their respective targets. By protein-protein interaction with Egr-1, Sp 1 loses its ability to
bind cis acting elements in the ATlR promoter. Our data indicates that 13cRA, through
MAP Kinase, activates Egr-1 leading to a direct interaction of Egr-1 and Sp I. This
interaction suppresses Spl 's ability to promote transcription of the ATIR gene. In
summary, our study demonstrates for the first time that 13cRA has a glucose independent
mechanism for transcriptional inhibition of ATlR. The observed effects by 13cRA
suggest its therapeutic potential in insulin sensitive and insensitive tissues in which ATIR
expression is up-regulated.
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Chapter 1

INTRODUCTION
1.1 Vitamin A

Vitamin A, also known as retinol (an alcohol) or retinal (an aldehyde), is an
essential dietary nutrient important for supporting a healthy immune system, maintaining
normal eyesight and red blood cell production, and facilitating growth and development
through transcriptional control of genes (Blomhoff 1994). It may be taken as pre-formed
vitamin A. Vitamin A (all-trans retinol) is composed of a

~-ionone

ring linked to a two

member isoprenoid hydrocarbon with terminal hydroxyl group (Limen and Eriksson
2006). This may exist as retinol itself or retinyl esters that are transformed to retinol in
the intestinal lumen by pancreatic lipase. Retinol is then absorbed by enterocytes,
esterified by lecithin-retinol acetyl transferase (LRAT), and incorporated into
chylOmicrons and secreted into the lymphatic system (Harrison 2005). Retinol may also
be produced by the body from compounds referred to as carotenoids. These fat-soluble
pigments, including the important nutrient

~-carotene,

are found in many plant sources

that are modified further into retinal (which may be subsequently oxidized into retinol)
by the enzyme family of 15,15'-oxygenases (Kim and Oh 2010). This is important in
cases of vitamin A supplementation, as the conversion into retinol and retinal is limited
by the system's requirement for retinoids. In sources in which the vitamin A is taken in as
its preformed state, vitamin A toxicosis may present a particular problem for the liver, as
ingested vitamin A is not excreted but stored in hepatic stellate cells (HSCs). As a result,
in vitamin supplements, the vitamin A is actually supplemented not as retinol, but rather
as

~-carotene

(Wyss 2004).
1
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Retlnol

Retlnolc acid
19

20
COOH

9~
10

Retl naldehyde

1~
12

l~
14

(}-carotene

Figure 1: Structural similarities of different retinoids. Retinol (Preformed vitamin A)

is the alcohol retinoid that is oxidized to retinaldehyde and subsequently into retinoic
acid.

~-carotene

is converted to two retinol molecules by the action of ~-carotene 15,15'-

oxygenase. Image adapted from Bates CJ. Vitamin A. Lancet 345:31, 1995.
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1.2 Vitamin A Metabolism

Vitamin A, once absorbed is stored in HSCs. These cells express retinol binding
protein (RBP) on their cell surface. Once these receptors bind circulating retinol, the
receptor ligand complex is taken up through receptor-mediated endocytosis (Senoo et al.
2007). Cytosolic retinol is preferentially bound to cytosolic retinol binding proteins
(CRBPl-111), which act as an anchor for the activity of conversion enzymes. Specifically,
CRBP-1 delivers retinol to RBP for secretion from the liver when the body needs to
mobilize its stores of vitamin A (Vogel et al. 1999). CRBP-1 and CRBP-111 act as
differentiation inducers in adipocytes (Zizola et al. 2010). CRBP-111 has been shown to
be regulated by the activation of PPARy (Zizola et al. 2008), and may mediate many of
the control functions on adipocyte regulation by this transcription factor. Once in the cell
all-trans retinol is converted to all-trans retinal by retinol dehydrogenases. All-trans

retinal acts as a central intermediate for retinoid effector metabolism; it may be converted
into 11-cis-retinal by retinal isomerase. 11-cis retinal is the key intermediate for
photosensors in the retina. All-trans retinal may also be converted into all-trans retinoic
acid (atRA) by retinal dehydrogenases. The retinal dehydrogenase isoforms, RALDHl
and RALDH2, are expressed in stellate cells and hepatocytes, respectively. The
conversion of retinal into retinoic acid is typically a rate-limiting step for retinoic acid
accumulation.
1.3 Retinoic Acids

Retinoic acids, which are metabolites of preformed vitamin A, exert their function
by binding to nuclear receptors (RXR and RAR) and forming complexes with specific
sequences on promoter regions of target genes called retinoic acid response elements;
3
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Figure 2: Retinol transport, metabolism, and metabolite function. Retinol bound to
retinol binding protein is taken into the cell, either by passive diffusion after dissociation
from carrier molecules, or by some unknown receptor mediated endocytosis. The alltrans retinol (atROL) is then either metabolized to 11 -cis retinal (1 lcRAL) or to its two
endogenous retinoic acids (9cRA and atRA) by dehydrogenases specific for particular
substrates shown in blue (RDH). These metabolites have distinct function as indicated in
yellow. Image accepted from Liden and Eriksson. Understanding retinol metabolism:
structure and function of retinol dehydrogenases. Jour Biol Chem. 281(19):13001-13004,
2006.
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RARE (Mark et al. 2006). Therefore, activity of a gene is dictated by recruitment of
enh~ncer

or repressor proteins such as nuclear-coactivator (NCoA) complex and nuclear-

corepressor (NCoR) complex, respectively. These are of course examples in much larger
panoply of effector molecules that may be recruited by an activated and DNA bound
retinoid nuclear receptor (Rosenfeld and Glass 2001). The primary isomers of retinoic
acid formed in vivo are all-trans retinoic acid and 9-cis retinoic acid, each bind separate
retinoic acid receptor types , thus acting upon a select subset of genes (Chambon 1996).
The production of these isomers is dictated by the activity of the retinol dehydrogenase
and retinal dehydrogenase, with 9-cis having an initial conversion to 9-cis retinol, before
activity of these respective enzymes [Fig. 2] (Liden and Eriksson 2006) . Transport of
retinoic acid across the cell membrane is believed to be primarily passive due to its size
and hydrophobic nature. However, there is evidence that all-trans retinoic acid can bind
the mannose-6 phosphate/insulin-like growth factor-II receptor, resulting in increased
uptake of all-trans retinoic acid in rat cardiac myocytes (Kang et al. 1997; Kang et al.
1998). Just as in cytosolic retinol , retinoic acids are bound to specific binding proteins
referred to as cellular retinoic acid binding proteins (CRABP-1 & II). In particular,
CRABP-1 is thought to regulate the free circulating concentration of retinoic acid within
the cell, limiting its effectiveness to bind retinoic acid receptors (Allenby et al. 1993;
Napoli et al. 1995; Norris et al. 1994).
1.4 13-cis Retinoic Acid
13-cis retinoic acid (13cRA) is a synthetic form that functions similarly to the

other isoforms, although the exact mechanism of action is unclear; in other words, its
activity may be due to spontaneous isomerization to all-trans retinoic acid or a novel
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activity of its own (Ganceviciene and Zouboulis 2007; Levin 1995; Kim et al. 1994).
13c~A

is referred to as a synthetic retinoid, although at very low concentrations, it is

produced from all-trans retinol, all-trans retinal, or all-trans retinoic acid (Blaner 2001).
Jsomerization from all-trans retinoic acid is a photo-dependent process (Lehman et al.
1989). In itself, 13cRA has relatively weak transactivational activity compared with
atRA and 9cRA (Mangelsdorf et al. 1994). 13cRA has been used in the past as a

dermatological preparation applied orally or topically to influence skin growth factors in
such a way to lower sebum secretion (Landthaler et al. 1980). As a result, its
marketability to treat acne has overcast some of its more recent applications. For
instance, it can be used as a monotherapy or in combination for the treatment of
cutaneous T-cell lymphoma (Zhang and Duvic 2003), oral leukoplakia (Piattellia et al.
1999), and as a differentiating agent in myelodysplastic conditions (Siitoten et al. 2007).
One advantage in 13cRA therapy lies in its increased therapeutic half-life (21 hours)
compared to all-trans retinoic acid (0.5-2 hours) (Thatcher and Isoherranen 2009). As a
result, administration of 13cRA with relatively high doses (>40 mg/day) can result in
plasma levels in the low micromolar range (Blaner 1993; IARC Handbooks of Cancer
Prevention 1999). Though 13cRA has multiple applications and therapeutic targets, the
cellular mechanisms and molecular targets are not well understood. Studies have shown
that 13cRA can act as a potent inhibitor of many of the retinoid and hydroxysteroid
mediated pathways (Gamble et al. 1999). This may indicate how 13cRA mediates its
antagonistic effects on sebum secretion and skin growth factors. However, many of these
studies cannot provide significant evidence of how this is accomplished. It has been
proposed that 13cRA has potent activity against the cell membrane itself because of its
6
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differential activity from the all-trans and 9-cis isomers of retinoic acid (Blaner 2001) .
1.5 Metabolism of Retinoic Acids
All isomers of retinoic acid, including 13cRA, undergo oxidative and conjugative
metabolism. The principle metabolite of 13cRA in patients receiving chronic therapy is
13-cis-4-oxo-retinoic acid followed by all-trans-4-oxo-retinoic acid. These metabolites
are believed to have distinct and significant biologic activity in the body despite primary
metabolism (Blaner 2001). However, once oxidized these metabolites are glucuronidated
and excreted into bile and eventually in the feces. Retinoic acids can act as an efficient
shunt for removal of retinol from the body as they are rapidly oxidated by cytochrome
p450 enzymes, primarily CYP26Al, CYP26Bl , and CYP26Cl depending on tissue
distribution (Ross and Zolfaghari 2010). The preferential substrate of CYP26 catabolism
of retinoic acid is a coupled retinoic acid molecule and CRABP-1 (Boylan and Gudas ,
1992). The binding proteins themselves may have some alternate function when bound or
unbound, though knockout studies of CRABP-1 show no distinct phenotypic difference
(Lampron et al. 1995). It may be that the other members of this binding protein family
may be able to regulate the free retinoic acid levels in development and adult
homeostasis. However, the sequence of CRABP is highly conserved across multiple
species, including the human, mouse, chicken, and rat, and its expression was found in a
tightly controlled developmental pattern indicating its functional relevance (Horton and
Maden, 1995; Maden et al. 1990, 1992; Ruberte et al. 1992).
1.6 The Renin-Angiotensin System
Hormonal control of blood pressure has been the primary interest of investigation
in the renin-angiotensin system. This endocrine axis is comprised of a cascade of cleaved
7
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peptides that elicit a variety of physiological signals. In particular, binding of the peptide
angiotensin II (AngII) on the angiotensin II type 1 receptor (ATlR) results in a
physiological response ultimately leading to an increase in peripheral resistance in the
blood stream. Disruption of binding between peptide and receptor leads to an effective
reduction in blood pressure.

As a result, compounds have been formulated that

specifically target AngII, ATlR, and the dynamic interplay between the two.
The renin-angiotensin system itself is more complex than a single peptide acting
upon a single receptor. However, there are common starting points that lead to multiple
resultant peptides (Bumier 2001; Atlas 2007) . Activation of the pathway begins with the
protease renin , which is the rate-limiting step in the production of AngII. Largely active
in the renal cortex, renin cleaves a circulating but inactive peptide, angiotensinogen. The
resultant product of this cleavage is the IO amino acid peptide angiotensin I (AngI). For
the most part, AngI is further modified by the enzyme angiotensin converting enzyme
(ACE), though this refers to the cleavage in the context of the systemic renin-angiotensin
system rather than the tissue or localized renin-angiotensin system. (Hoit et al. 1995) In
the local RAS, other enzymes such as chymase catalyze the same reaction.

The

proteolytic cleavage by ACE results in the removal of two C-terminal amino acids. The
remaining 8-amino acid peptide is the active hormone, AngII. This active peptide is then
further cleaved into subsequent peptides of varying activity (AngIII, AngIV).

This

process is constantly in effect as the calculated half-life of AngII produced in the bloodstream is well below 20 seconds (Al-Merani et al. 1978).
AngII, once produced, exerts its effects through two principle receptors. The
angiotensin type I receptor (ATlR) is more highly expressed in the adult mammal and
8
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mediates a number of biological actions , including vasoconstriction, aldosterone release
fro~

the adrenal zona glomerulosa, sodium retention in the nephron , and sympathetic

nervous activation (Bumier 2001; Atlas 2007). It is also a powerful stimulator of
angiogenesis and cellular proliferation.

The angiotensin type 2 receptor (AT2R) is

highly expressed in fetal development, but down-regulates rapidly post-partum (Bagby et
al. 2002). It is sporadically expressed in adult tissues such as the adrenal medulla, uterus,
ovary, vascular endothelium and certain regions of the brain. AT2R can counteract some
of the effects of ATIR stimulation by inducing vasodilation, proliferative arrest, and
apoptosis. Therefore, it is also known as a natural antagonist for the ATlR (Lee et al.
2008). In humans, there is only one isoform of each receptor, but in mice and rats each
receptor type is subdivided into subgroups (Martin et al. 1995). Between the subgroups,
the receptors have similar signaling mechanisms, but differ in tissue distribution and
sequence homology.
1.7 Pharmacology of the Renin Angiotensin System
As mentioned previously, the expression of AT2R is more limited in the adult
mammal; therefore, pharmacological intervention is primarily directed toward ATIR.
Blockade of the ATlR prevents the aforementioned physiological responses
(vasoconstriction of vascular smooth muscle cells, aldosterone release, and sodium
retention in the nephron's distal tubules) . The pharmacological treatments currently
available are divided based upon their mechanism of action. Specifically, there are three
classes of treatment: ATlR antagonists, ACE inhibitors, and renin inhibitors. Renin
inhibition achieves intervention at the rate-limiting step of the renin-angiotensin cascade.
Other members of the RAS associated medications (ACE inhibitors, ARBs) are
9
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Figure 3: The renin-angiotensin system. Schematic of basic process of conversion from

angiotensinogen into angiotensin I (Angl) and further conversion into angiotensin II
(Angll). The actions of Angil are mediated by the distinct receptors ATlR and AT2R
with differential functions as indicated. The catabolism of angiotensinogen is
accomplished by the protease activity of renin (though its prorenin precursor is not
shown) while the activity of angiotensin converting enzyme converts Angl to Angil. The
production or action of Angil may be blocked by either a renin inhibitor (aliskiren), ACE
inhibitor (captopril, ramipril etc .. .), or ATlR (losartan, valsartan, etc ... )/AT2R
antagonists (PD1 23319) (Bosnyak et al. 2011).
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associated with marked elevations with renin activity. This is predictable, as the initial
step is accelerated in order to make up for the rapid loss of Angll mediated signaling.
The competitive renin inhibitor, Aliskiren, is a new effective agent, though its use as a
monotherapy is limited, and it is usually limited as an adjunct to additional antihypertensive regimens (Epstein 2010) .

Angiotensin converting enzyme inhibitors (ACEI) compete directly with the
dipeptidyl-carboxypeptidase ACE (Burnier 2001; Atlas 2007).

The activity of this

membrane bound enzyme is primarily in the lungs and thus is primarily where the
majority of circulating Angll is produced. ACEis effectively reduce the rate at which
Ang II is produced in the circulation, but there is what is called "Angil escape". This
refers to the activity of similar enzymes in the tissue or "local RAS", such as cathepsin G
or chymase that may still produce Angll, are ineffectively blocked by ACEis.
Additionally, ACEis have a cross-inhibition with the enzyme kininase 1, which breaks
down the inflammatory neuropeptide bradykinin. As a result, there is a high incidence of
dry cough and angioedema with long-term use of these agents. Typically, a patient may
be started upon ACEI therapy, and if any side-effects arise, ARBs are recommended.
There are eight FDA approved ATlR blockers: losartan, valsartan, irbesartan,
candesartan, telmisartan, eprosartan, olmesartan, and azilsartan (Burnier 2001; Atlas
2007). These drugs differ from one another based upon the type of ATl receptor
antagonism (competitive, non-competitive)

and whether they act as prodrugs

(candesartan). These agents are highly efficacious in reduction of hypertension, though
the activity is mixed among different ethnic groups. Fortunately, ATlR antagonists are
specific, and circulating Angil may still activate AT2R providing additional counter-

11

Texas Tech University Health Sciences Center, Russell Odell Snyder, August 2011
ATlR effects. Their primary disadvantages are their cost and the medical field's
uncertainty on their long-term effects as their implementation has been limited only to the
past two decades. For example, a meta-analysis study suggested that long-term use of
telmisartan significantly increased the likelihood of developing lung and uterine cancer
(Sipahi et al. 2010).

Combining the cost and the uncertainty of long-term risk,

researchers continue to search for other methods of intervening in the renin-angiotensin
system.
There appear to be disadvantages to each of the pharmacological approaches to
interfere with the renin-angiotensin system. Not only this, but approaches to treatment
must remain novel , and new approaches that deviate from classical investigation provide
new insights and may additionally contribute to the overall understanding of the system
itself. Researchers may pursue future novel perspectives in renin-angiotensin system
signaling by understanding how Angll receptors, particularly the principal receptor
AT 1R, are expressed across relevant tissues and what cellular mechanisms dictate the
expression of these proteins.

By doing so, researchers may be able to develop

pharmacological approaches to modulate the expression of these proteins for therapeutic
effects.
1.8 Angiotensin II and Angiotensin Type 1 Receptor Response

Angil binding can directly down-regulate the receptor by internalization
following receptor binding (Holloway et al. 2002) destined either for recycling to the
plasma membrane or internal degradation.

Additionally, repeated ATlR receptor

stimulation by Angil can directly reduce signaling via desensitization (Kelly et al. 2008;
Hus-Citharel et al. 2001).

Desensitization of G-protein coupled receptors (GPCR)
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typically involves the activation of second messenger kinases, typically protein kinase C
(PKC) and G-protein coupled receptor kinases (Feng et al. 2005) . The phosphorylation
of the carboxyl terminus by these kinases then recruits arrestins which desensitize the
receptor to its ligand. There are exceptions to this rule of desensitization. According to
Hus-Citharel et al., the researchers established that in a series renal cells, expressing both
subtypes of the ATlR achieved significant desensitization of the ATlR through a PKC
independent mechanism, which was assumed to be pivotal to the desensitization process.
Interestingly, desensitization in this study appeared to be reliant on the distribution of
ATlR subtypes in different kidney and pituitary tissues. This may partially explain the
diverse expression pattern of ATlaR and ATl bR in rodents. However, as there is only a
single ATlR isoform in Homo sapiens, this phenomenon remains unsupported in human
cell lines. Though desensitization does not involve quantitative regulation of receptor
expression, the principle applies to the general concept of tissues becoming less sensitive
to circulating Angil. The final method for cells to alter their responsiveness to Angil is
to modulate the expression of the ATIR protein itself. This will be the primary focus for
the remainder of this discussion.
First of all, it may be important to reflect on the conditions in which ATlR
expression is altered. By following commonly affected proteins, we may understand the
universal and tissue specific regulation of this receptor. Countless factors, many of them
non-specific, have been shown to affect ATlR expression. For example, it has been
suggested that the ATIR is up-regulated with age (Touyz et al. 1999). However, as
ATlR is highly variable among specific tissues , it is important to establish easily
manipulated models that are either isolated intact and homogeneous from animal models
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or tissue cultures with predictable signal transduction mechanisms. In previous studies,
rese~chers

have focused primarily on mechanisms that result in the up-regulation of

ATIR protein, though some studies show scenarios in which the ATIR may be downregulated by either pharmacological intervention or by endogenous cellular mechanisms.
As Angil is the ligand for this receptor, I began my investigation by characterizing the
effects on up or down-regulation of the receptor by the ligand itself.
1.9 Direct Effect of Angiotensin II on Angiotensin Type 1 Receptor Expression

Researchers in the past have observed that Angil itself is capable of downregulating ATIR transcription itself (Lassegue et al. 1995). This down-regulation was
attributed to both reduction in ATlR mRNA transcription and destabilization of the
ATlR mRNA transcripts, suggesting that Angil down-regulation in rat aortic vascular
smooth muscle cells occurred on both transcriptional and translational levels. However,
it appears that this effect is tissue specific as well, as another group found that treatment
of bovine coronary microvascular endothelial cells with pharmacological doses of Angil
resulted in a significant increase in ATlR expression (Gragasin et al. 2003).
In a more detailed case, there is a complex interplay of mediators that regulate
Angil's effect on ATlR expression. This study began with the pretreatment of monocytes
with the ACE inhibitor ramiprilat, the active metabolite of the ACEI ramipril.
Pretreatment with ramiprilat suppressed angiogenic chemokines IL-8 and MCP-1. Basal
cellular ATlR-expression in these monocytes was dose and time-dependently downregulated, whereas the AT2R expression remained unaffected. These observations were
also reported in human umbilical vein endothelial cells (HUVEC), indicating the
response is not monocyte specific. From this data, the authors suggested the possible
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cause
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down-regulation
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bradykinin

as

mon.ocytes/macrophages are known to express the bradykinin receptor 2 (B2R).
Bradykinin stimulation of peritoneal macrophages induces the secretion of superoxide
radicals , arachidonic acid, and prostaglandin E2 (PGE2) via the B2R-subtype.

In

addition, PGE2 increased the concentration of cyclic adenosine monophosphate (cAMP)
in mononuclear phagocytes. In this scenario, the researchers conjectured that enhanced
levels of superoxide radicals and cAMP finally lead to destabilization of ATIR mRNA
with subsequent down-regulation of the receptor protein in rat VSMCs. Their final
conclusion was that the ACE-inhibitor ramiprilat suppresses the Angll-ATIR
proinflammatory signaling mainly by down-regulation of the ATlR expression in human
monocytes and endothelial cells and , to a lesser extent, by inhibition of the Angll induced
NFKB activation via deprivation of local Angll stimulation of the ATlR. (Schmeisser et
al. 2004) It is important to note cAMP's prominent role in this system. Elevations in
cAMP levels have been shown to destabilize ATlR mRNA (Wang et al. 1997). Elevated
cAMP also has been shown to decrease ATIR mRNA expression in cultured rat
mesangial cells (Makita et al. 1992).

The Schmeisser study described above

demonstrates an additional example of negative regulation by Angll on its own receptor
in monocytes and HUVECs. However, the disadvantage presented to RAS researchers is
that Angll's control of ATIR expression is not predictable, as researchers observe
tremendous variance among different tissues and cell lines.
1.10 Cardiovascular Angiotensin Type 1 Receptor Expression

Vascular pathological conditions have been associated with alterations in AT 1R
expression as well. In rats with chronic heart failure showing sustained sympathetic
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nerve activity, ATlR expression in the rostral ventrolateral medulla (RVLM) was
significantly up-regulated while its opposing receptor, AT2R, was concomitantly downregulated (Gao et al. 2008). In myocardial infarction rat models, ATlR expression has
been observed to be up-regulated at the infarct site (Sun and Weber 1994). These infarct
sites have been associated with increased expression of myofibroblasts (Higuchi et al.
2010); the explanation of this phenomenon may be simplified by a brief explanation of
the origin of the myofibroblasts themselves. Transforming growth factor (TGF)

~-1

released from a local infarct area converts interstitial fibroblasts into activated
myofibroblasts. Two of these cell type's distinguishing characteristics are high
expression of a-smooth muscle actin microfilaments and active ATlR expression (Weber
et al. 1997).
ATlR expression m congestive heart failure (CHF) models also display
interesting results that may help resolve expression control, if only for the cardiac tissue
itself. In CHF models, atrial ATlR mRNA expression is significantly elevated
(Kaprielian et al. 1997), but the cause is disputed. In the cardiac tissue, there is a delicate
balance between opposing effects of receptor down-regulation and up-regulation. The
down-regulation is believed to come from the elevated Angil levels resulting from RAS
activation and local stretch-induced release from myocytes (Sadoshima et al. 1993)
having a direct down-regulatory role as mentioned previously. This effect is
counterbalanced by increased AT 1R mRN A and protein expression in response to
mechanical stretch of the atrial wall (Kijima et al. 1996). Elevated cardiac AT 1R mRN A
and protein expression have been repeatedly observed in animals with high systemic
Angil levels (Suzuki et al. 1993; Lambert et al. 1995; Nio et al. 1995); this led to
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Kaprielian et. al. to conclude that the direct gene-activating effect of mechanical stretch
predominates in this system during CHF. Therefore, it was concluded that increased atrial
ATIR expression is attributable to left-ventricular dysfunction in the CHF model.
Hypertension is a hallmark of ATlR deregulated expression, but even without systemic
elevation of mean arterial pressure, pathological sequelae can be evident in ATlR upregulation. In a study where transgenic mice over-expressing cardiomyocyte specific
human ATlR, the hearts developed ventricular hypertrophy and heart failure, but the
subjects did not manifest hypertension as the ATlR over-expression was tissue specific
(Paradis et al. 2000). In another case, over-expression of the human ATlR in the
myocardium led to an increased incidence of cardiac arrhythmia associated with delayed
repolarization in mice (Rivard et al. 2008). These changes occurred before the
development of cardiac remodeling and in the absence of hypertension. The researchers
concluded from this study that ATlR has a role in the pathogenesis of cardiac arrhythmia
and sudden death. This relationship could conceivably work in reverse, and tissue
specific up-regulation may be observed without systemic effect although with dire
consequences for a subject's cardiovascular physiology.
However, we find cases in which ATlR expression may be generalized
throughout the system, indicating that there are conditions that can rapidly affect many
tissues at once. In one human study, heart transplant recipients showed expression of
ATIR mRNA significantly increased in the hearts, the extravascular tissue, and in the
brains of subjects with spontaneous intracranial hemorrhage (ICH) . Donor lymphocytes
also showed increased expression of ATlR; the researchers suggested that Angil
activation occurred in the donor before the transplantation occurred. ATlR expression in
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Figure 4: Mechanical stretch presents a dual action on the expression of the
Angiotensin Type 1 Receptor. Hypertrophic Mechanical stretch induces a local
activation of RAS resulting in a localized increase in Angil adjacent to the hypertrophic
tissues . Angil mediated desensitization and internalization has a direct down-regulatory
effect, but is overcome by a stronger mechanism; namely, the mechanical stretch itself
has a positive effect on "direct stretch induced transcriptional activation" of the ATIR
promoter resulting in higher expression of the AT 1R. In such a way, the same cellular
stress may produce opposing effects, though the positive regulators appear to have
supreme control of ATIR expression on cardiomyocytes under these conditions.
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the lymphocytes was an accurate predictor of future coronary vasculopathy and suggested
a generalized activation of RAS in these transplants (Yousufuddin et al . 2004). Typically,
ICH induced activation of the RAS has a protective effect in subarachnoid bleeding by
restricting intracranial blood flow (Mathai et al. 1997), but in the case of these
transplants, generalized activation of the RAS has a substantially negative effect on the
transplanted tissue with high ATlR expression.
Spontaneously hypertensive rats (SHR), a genetic model of hypertension, possess
a useful phenotype for studying the expression of Angil receptors, and alterations of the
genotype appear to manifest significant alterations in ATlR expression. Within the
central vasomotor centers, higher AT 1R expression is believed to cause an increase in
sympathetic vasomotor nerve discharge (Lenkei et al. 1997). Researchers using Northern
blot analysis established that there was indeed a large increase in ATlR gene expression
in the brainstem of SHR compared with that of normotensive Wistar-Kyoto (WKY) rats.
(Raizada et al. 1993)

In the same model, blockade of the ATlR in the rostral

ventrolateral medulla (RVLM) caused a significant drop in arterial blood pressure, while
the same treatment had no effect on the control subjects (Allen 2001; Ito et al. 2002).
With regard to other factors in Angil signaling, Reja et. al. demonstrated that the ATlR ,
the kinases (ERKl/2, p38, JNK) and catecholamine-related genes are all upregulated in
SHR (Reja et al. 2002). That they are up-regulated at random is unlikely , and logic
dictates that alteration of the upstream GPCR signaling, as in ATlR up-regulation, will
have downstream effects to the kinases and catecholamine related genes. As a result of
increased AT 1R in central and peripheral nervous and cardiovascular sites, many
researchers agree that it is likely to result in the higher resting levels of arterial blood
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pressure seen in SHR and humans (Esler 1993). In short, the up-regulation of ATlR has
been agreed upon by many as the main determining factor of a spontaneously
hypertensive phenotype.
1.11 Liver Angiotensin Type 1 Receptor Expression
Angil mediated function in the liver is complicated, and many of the effects of
Angil signaling, especially via the ATlR, is through the observation of pathological
stress upon application of Angil. Specifically, Angil has been associated as a major
regulator of hepatic fibrosis development (Y oshiji and Yoshii 2001). In rats with fibrotic
livers, increased serum· Angil levels are seen along with increased RAS around the
experimental fibrogenesis (Paizis et al. 2002). Most importantly, i.t has been observed that
there is a protective effect by the blockade of Angil mediated signaling through the
ATlR in chronic liver injury. These effects have been alleviated by ATlR blockade in
secondary biliary cirrhosis (Ramalho et al. 2002), experimental hepatic fibrogenesis
(Paizis et al. 2001), preneoplastic lesions (Yoshiji et al. 2002) and portal hypertension
(Croquet et al . 2002). From these accounts, we may observe that ATlR expression in the
liver is critical to the enhancement of fibrosis, as well as other conditions such as
steatosis (Nabeshima et al. 2009), and angiogenesis of metastatic liver cancer (Neo et al.
2007; Wasa et al. 2011). As to what role it plays in homeostasis of the healthy liver, one
may assume that it plays a critical yet unknown function. However, considering the level
of expression in the rat liver epithelial (WB) cells in my study, I may conclude that the
rate of cell growth and proliferation may be enhanced by the signaling from Angil on the
ATlR. However , one must make the distinction that Angil is not the causative stimulus
for these conditions to begin, but rather acts to augment the inflammatory conditions
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already present in an early fibrotic or steatotic state.
1.12 Neural Tissue Angiotensin Type 1 Receptor Expression

ATIR expression in neural tissue is significant, both on the maintenance of
normal blood pressure and activation of the sympathetic nervous system. References
have been made in the cardiac section of this review to neural expression (i.e. RVLM upregulation in SHR models), but the factors measured are focused on the hypertensive and
hypertrophic effects. Using the SHR model, mRNA analysis revealed that ATIR within
specific subregions of the hypothalamus, brainstem and spinal cord (namely the PVN,
RVLM and IML) are significantly higher compared with normotensive WKY rats .
Depending on which neural tissue was investigated, there was anywhere from 2.7-30 fold
more ATIR mRNA compared with WKY rats. (Reja et al. 2006) It would appear that
the up-regulation within the neural tissue of the SHR model is consistent among these
different loci. Furthermore, incubation of neuronal cultures with Angil causes activation
of a number of different kinases, including protein kinase C (PKC), calcium/calmodulindependent protein kinase II, mitogen-activated protein (MAP) kinase p42/p44 via a
ras/raf-1 pathway, protein kinase A (PKA), phosphatidylinositol 3 (Pl-3) kinase, and cJun N-terminal kinase (Sumners et al. 2002) . These are the components of Angil
signaling in all ATIR expressing cells. However, not all components may be negative
feedback signaling in chronic Angil stimulation. Understanding signal transduction
mechanisms is essential in order to gain perspective on how Angil receptors are regulated
in neural tissues. In an important investigation, researchers found that bilateral injection
of wortmannin (a phosphatidylinositol-3 kinase inhibitor) blocked Angil induced
increases in arterial blood pressure in SHR rats, but had little or no effect in control
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•Effective only in SHR
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Figure 5: Multiple signal transduction and elevation of blood pressure. Angil
binding of the ATlR activates the second messenger diacylglycerol (DAG) through the
activation of phospholipase C (PLC) to a resultant activation of early response kinase 1
and 2 (ERKl/2) that results in cellular proliferation and hypertrophy. On the other other
hand,

~y

subunits of the activated G-protein can enhance activity of Src protein, with

subsequent activation of PI3-K and enhanced oxidative stress via NADPH oxidase. The
reactive oxygen species result in activation of MAP Kinase p38 and further proliferation,
hypertrophy and increased arterial blood pressure.
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Wistar Kyoto (WKY) rats. Bilateral injection of MAP kinase inhibitor PD98059 brought
an equal reduction in blood pressure in both control and SHR models (Seyedabadi et al.
2001) . The authors concluded that MAP kinase ERKl/2 has an equally important role in
maintenance in blood pressure, but the Angll specific effects blocked by wortmannin was
attributable exclusively to PI-3 kinase and deregulated receptor expression in SHRs.
1.13 Renal Angiotensin Type 1 Receptor Expression

In chronic renal injury, Angll plays an important role in regulating cell
proliferation, apoptosis, and fibrosis (Wolf and Neilson 1993; Mezzano et al. 2001; RuizOrtega et al. 2001). ATlR is expressed widely in the kidney tissues, including mesangial,
glomerular epithelial, endothelial, and vascular smooth muscle cells, but AT2R is not
extensively expressed in the normal adult kidney. However, when injured the kidney can
up-regulate the expression of AT2R to counterbalance the effects of Angll stimulation of
ATlR (Yamada et al. 1996; Ardaillou 1999; Siragy 2000.). By this we may assume that
de-regulation of ATlR expression in the kidney may have significant consequences in
renal injury.
Renal tissue is difficult to assess in studies examining ATlR expression. An
investigator cannot think of the kidney as merely cortex and medulla, but rather distinct
microzones within and beyond the nephron itself. Therefore, many studies have failed to
achieve significance, as inspection of a single tissue type has proven difficult. However,
investigation into the regulation of renal ATlR expression has progressed despite this
fact. One may begin by observing how osmolarity may affect ATlR expression in the
renal medulla. Marie et al. established that binding of Angll to ATlRs in renomedullary
interstitial cells (RMIC) is osmotically regulated (Marie et al. 2001), suggesting that

23

Texas Tech University Health Sciences Center, Russell Odell Snyder, August 2011
hyperosmolarity affects Angil signaling within the renal medulla. In a following study,
under hyperosmotic condition the density of AT 1Rs on cell membranes of cultured
RMICs was decreased as previously observed, but oddly mRNA expression was not
significantly altered in the hyperosmotic treated cells. There appeared to be enhanced
cytosolic protein binding within the 5' leader sequence (LS). The authors concluded that
this hyperosmotic control of ATlR expression was exclusively through this
posttranscriptional mechanism of the 5'-LS binding (Lee et al. 2006). This was probably
a simpler portrait of the mechanism than is attributable to this signaling, but it has some
distinct differences that make it a useful example. Its signal for ATlR expression
downregulation is unlike any pharmacological intervention, and the posttranscriptional
mechanism shows yet another way that ATlR expression may be altered, if only in this
specific cell type. As we will see, activation of 5'-LS RNA binding proteins are observed
in other conditions, such as estrogen treatment (Krishnamurthi et al. 1998).
Another renal cell type that expresses the AT 1R is the proximal tubule epithelial
cell (PTEC). This is an excellent alternative as it is a cortical cell type within the
nephron, and it has been implicated as a very important Angil response tissue.
Stimulation of Angil to the ATlR in the PTEC resembles that of the adrenal cortex
(Hauger et al. 1978). In instances of salt depletion ATlaR mRNA increased in both the
PTEC and adrenal cortex, while ATlbR mRNA decreased (Iwai et al. 1991; Iwai et al.
1992. Kitami et al. 1992). The subtypes of the ATlR, which only exist as separate
isoforms in rodent species, do not differ in their cellular signaling but only in expression
patterns. This finding was puzzling, but it did show that the PTEC and adrenal cortex
were salt-sensitive in their expression of ATlR subtypes.
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As Angll has variable effects on the expression of its own receptor, a study has
shown Angll' s effect on its own receptor in the proximal tubule . In this study, AT 1R
mRNA levels and specific
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1 Angll binding were increased in cultured proximal tubule

cells in response to incubation with Angll, indicating that in the proximal tubule Angll
positively regulated its own receptor. Treatment with captopril decreased adrenal ATlR
mRNA expression by an average of 30±8% suggesting a trend toward inhibition of
expression. Treatment with forskolin to raise cAMP levels decreased mRNA for ATlR
while simultaneous addition of Angll mitigated the forskolin-mediated decrease in ATlR
mRNA expression but did not affect the decrease seen with the nonhydrolyzable cAMP
analogue, dibutyryl-cAMP. This suggested that one mechanism of Angll stimulation of
ATlR mRNA expression in the proximual tubule may involve inhibition of adenylate
cyclase activity, with resultant decreases in ambient cAMP levels (Cheng et al. 1995).
Within the same study, it was interesting to observe that proximal tubule responses were
characteristically reversed as opposed to other tissues under salt restriction and Angll
stimulation. In the liver, renal cortex, and glomerulus ATlR mRNA was significantly
up-regulated by treatment with captopril and significantly down-regulated with a saltrestricted diet. Similarly, in cultured rat mesangial cells, administration of Angll led to a
decrease of ATlR mRNA (Makita et al. 1992). These trends were exactly opposed to the
effects seen in the proximal tubule . In addition, these observation were in disagreement
with a previous investigation that found that treatment of rats with captopril caused a
significant reduction in Angil binding sites on renal cortical membrane while salt
restriction caused an increase in receptor density, although statistical significance was not
reached (Lewis et al. 1989). Thus we see how complex tissue distribution and control
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may become in ATlR regulation even within the same organ system.
. In IgA nephropathy, we can observe novel components in cell signaling that
control the production and expression of ATlR. In studies that mimic in vitro conditions
of lgA nephropathy, an increased concentration of TNF-a in IgA-bound human
mesangial cell-conditioned medium could rapidly and early increase interleukin-6 (IL-6)
that in turn up-regulates ATlR and AT2R expression in "primed PTEC". HMC cells also
produced more Angil, which was believed to up-regulate ATlR expression in PTEC. It is
important to note that after cells had conditioned medium applied, the ATlR upregulated, but by day six of the study the receptor was down-regulated to basal level
(Chan et al. 2005) . It may be possible that under chronic stimulation of the ATIR, the
receptor may be down-regulated through some negative feedback mechanism.
1.14 Pre-Eclampsia

Pre-eclampsia is characterized by hypertension and proteinuria and is associated
with trophoblast invasion and improper spinal arterial remodeling (Granger et al. 2001 ;
Roberts and Lain 1998; Gerretsen et al. 1981). Using an established immortalized
trophoblast cell model, one group of researchers has established an ideal model to study
the mechanisms of expression of hATIR in pre-eclampsia. Early studies suggested that
Spl/Sp3 transcription factors have a primary role in the expression of hATlR, and
elements that affect Spl and Sp3 in pre-eclampsia may explain the physiological
responses in this cascade (Duffy et al. 2004). Injection of activated Thi lymphocytes to
mimic preeclampsia showed significant up-regulation of the ATIR in the kidney and
placenta. Up-regulation of eNOS was also found, but the hypertensive effect in preeclampsia was attributed to an imbalance of vasoconstrictors and vasodilators (Schmid et
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al. 2007). Specifically, there is an inhibitory effect of Angil on cGMP via the AT 1R
receptor in rabbits (Itoh et al. 2003). As NO leads to a cGMP increase which results in
smooth muscle relaxation, inactivation of cGMP by Angil may lead to a null effect by
NO stimulation of vasodilation.
In pre-eclampsia, there is diminished renin activity in the plasma and an increased
sensitivity towards Angil (August et al. 1990). Increased sensitivity was proposed to be
due to an up-regulation of the ATl R (Leung et al. 2001). However, other studies suggest
that patients with pre-eclampsia have autoantibodies which bind to the ATlR (Wallakut
et al. 1999; Dechend et al. 2003).

Pre-clampsia rat models also present ATIR

autoantibodies (Dechend et al. 2005).
1.15 Cancer and Angiotensin Type 1 Receptor Expression
ATIR is up-regulated in many cancer tissues.

ATIR is also expressed at

inflammatory sites and up-regulate the levels of EGF/VEGF. Activation of growth
factors suggests that Angil signaling has a prominent role in vascular permeability and
cellular infiltration in addition to its role in angiogenesis (Deshayes and Nahmias 2005;
Ino et al. 2006; Escobar et al. 2004).° As for which cancers ATIR is expressed in, it has
been seen to be up-regulated in many malignant tumor tissues, including breast cancer,
ovarian cancer, skin squamous cell carcinoma, pancreatic cancer, prostate cancer,
laryngeal carcinoma , and cervical carcinoma (Dinh et al. 2002; Lam and Leung 2002;
De Paepe et al. 2001; Takeda and Kondo 2001; Fujimoto et al. 2001 ; Ino et al. 2006;
Kikkawa et al. 2004; Prontera et al. 1999). ATIR expression is also up-regulated in
gastric cancer, and stimulation of the receptor activates MMP2/MMP9. Stimulation of
metalloproteases suggests that it plays a significant role in penetration and spread of
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malignant cells into surrounding tissues (Huang et al. 2008). Blockade with angiotensin
receptor blockers may prevent Angll mediated activation of angiogenesis in cancer.
Activation of Pl-3 kinase and A.kt was observed in the castration resistant prostate cancer
cell line and was found to up-regulate ATlR. The up-regulation was reversed by use of a
PI-3 kinase/A.kt inhibitor L Y294002 (Kosaka et al. 2011).
Interestingly, the chemotherapeutic COOP (Cis-dichlorodiamineplatinum) up.regulates ATIR expression in a bladder cancer cell line. Using free radical scavengers
(Edaravone), the up-regulation was suppressed, showing that oxidant stress may play a
role in the up-regulation of the ATIR.

This bladder cancer cell line also showed

increased VEGF production leading to increased angiogenesis. When ARBs were used
as adjunct therapy, cell toxicity was increased synergistically. Five bladder cancer cell
lines were investigated in this study, and only those that showed increased ROS
generation showed significant ATIR up-regulation. (Tanaka et al. 2010)
1.16 Oxidative Stress and Angiotensin Type 1 Receptor Expression
As mentioned previously, Angll may mediate the up-regulation of ATlR
expression via a pathway dependent on ROS production.

This effect by Angll

stimulation can be blocked with losartan or antioxidants like Tempol or Apocynin.
Antioxidants also blocked the phosphorylation of c-Jun N-terminal Kinase [JNK] (Liu et

al. 2008). The role of oxidative stress appears to be one of, if not the. principal, deciding
factors in ATlR gene expression and manifestation of Angll induced signaling; that is,
defined as over-expression relative to basal levels. Volumes of research indicate that the
generation of oxidative stress has a significant effect on the expression of ATlR; these
observations are not reserved to the cardiovascular system. In fact, if there could be a
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universal determinant on ATIR expression, and of course there cannot, oxidant stress is
closer by far than the other hypotheses. First of all, oxidant stress has been linked with
substantial experimental and clinical evidence to play a role in cardiac remodeling and
heart failure (Byrne et al. 2003). Markers of oxidant stress in heart failure can be directly
correlated with the severity of contractile dysfunction (Keith et al. 1998; Heymes et al.
2003). Overexpression of ATlRs in the vascular wall is involved in the induction of
oxidative stress and in enhancement of endothelial dysfunction and plaque instability
(Nickenig and Harrison 2002) .
Many studies suggest that low concentrations of reactive oxygen species (ROS)
act as second messengers in the cardiovascular system (Finkel 1999; Griendling and
Ushio-Fukai 2000). Researchers have observed that Angll itself stimulates ROS
production through NADPH oxidase activation in cardiac myocytes and cardiac
fibroblasts. (Nishida et al. 2005; Fujii et al. 2005) . Several cytokines, including tumor
necrosis factor (TNF)-a and interleukin (IL)-1~ . have been reported to up-regulate ATlR
(Gurantz et al. 2005, Peng et al. 2002) . Stimulation of IL-1~ and TNF-a induces ROS
production through NADPH oxidase activation (Sundaresan et al. 1996). It has been
suggested that activation of nuclear-factor Kb (NFKB) is important in the up-regulation of
ATlR expression (Li et al. 2000) . As NFKB is redox-sensitive, an increase in oxidative
stress would activate this transcription factor and increase the expression of ATlR (RuizOrtega et al. 2000). In another study , Angll promoted epithelial cell senescence through
enhanced oxidative stress, which in turn mediates up-regulation of gp91phox, a NADPH
oxidase subunit (lmanishi et al. 2005).

These effects are assumed to enhance the
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oxidative stress in these cells, thus enhancing the activity of Angll stimulation further .
Many pathways overlap in these cascades. It was found that racl, a small GTPbinding protein, regulates the activity of NADPH oxidase (Sumimoto 2008) and mediates
IL-1~

or TNF-a induced ROS production and NFkB activation (Sulciner et al. 1996).

Stimulation of NADPH oxidase dependent superoxide (02-) and the NADPH oxidase
subunit p47phox· plays. a complex dual role in the vasculature. In the absense of Angil
signaling, it inhibits basal NADPH oxidase activity, but upon Angil-binding to ATlR, it
has been observed to enhance vascular dysfunction via activation of NADPH oxidase (Li
et al. 2004). Over-expression of constitutively active racl induces hypertrophic responses
in isolated cardiomyocyte and dilated cardiomyopathy in vivo (Kim et al. 1998; Sussman
et al. 2000). Relevant to the rac pathway, a novel action of pertussis toxin is the induction
ATlR up-regulation independently of ADP-ribosylation of Gi/Go. The mechanism
included toll-like receptor 4 (TLR4)-mediated rac activation, ROS production, and NFKB
activation. Activation of NFKB induced IL-1 ~ production, resulting in amplification of
rac signaling, which led to an increase in ATlR density (Nishida et al. 2010). This was
an interesting example both because it presents a positive feedback loop by stimulation of
pertussis toxin, and this action is independent of Gi signaling.
Another theory in which many of the intermediate mechanics are similar is as
follows. Angil stimulation leads to the activation of ATlR which results in marked
oxidant stress via NADPH oxidase and NFkB activation, as before. However, this new
pathway is proposed to lead to activation of activator protein-I (Apl) (Ainscough et al.
2009; Wu et al. 2005). Apl is redox-sensitive through the conserved cysteine residues
et al. 2001). Transcriptional activation by

located in its DNA-binding domain (Toone
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Apl appears to be dependent upon stress activated protein kinase (SAPK/JNK) but not
p38 or ERKl/2 MAP kinase (Liu et al. 2006). In support of this hypothesis, antioxidants
decreased expression of ATlR as well as the phosphorylation of JNK. This was proposed
as a possible explanation of how Apl is activated by oxidant stress (Liu et al . 2008).
A MAPK-independent Angil signaling pathway involving the enzyme PI-3 kinase
is active in SHR, but not in WKY rats as responsiveness to wortmannin is observed in
SHR models only, but PD98059 treatment has equal effectiveness in both SHR and WKY
rat models (Seyedabadi et al. 2001; Yang and Raizada 1999). For purposes of
perspective, we propose that up-regulation could be APl dependent; however, we
categorize this "up-regulation" as being the over-expression in addition to the basal
transcription that is dictated by Sp 1. The Sp 1 protein will be discussed later in this
chapter, as its relevance in many studies often appears to be associated with ATlR downregulation.
There are numerous other mechanisms by which reactive oxygen species may
activate production of ATlR protein. Lipid metabolism and relevant receptors appear to
play an important role in controlling ATlR expression.

Angil activation of ATlR

upregulates the transcription of LOX-1 in human coronary artery endothelial cells (Li et
al. 2000) and vascular smooth muscle cells (Limor et al. 2005). Lectin-like oxidized
LDL receptor-I (LOX-1) expression has also been linked to cardiomyocyte hypertrophy
as LOX-1 abrogation markedly reduces cardiac remodeling in a mouse model of Angilinduced hypertension (Hu et al. 2008). Curcumin, the active xenobiotic metabolite in the
spice tumeric, attenuates Angil-mediated cardiomyocyte growth by inhibiting LOX-1 and
ATlR expression and suppressing the heightened intracellular redox state. Curcurnin,
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losartan, and anti-LOXl antibody markedly attenuated Ang II mediated oxidative stress
and expression of NADPH oxidase and NFKb.

Conversely, forced up-regulation of

LOX-1 up-regulated expression of ATlR, ANP, and BNP (Kang et al. 2010).
Exposure of VSMC to LDL augments ATlR mRNA and protein expression
(Nickenig et al. [Circulation] 1997). In cases of heritable hyperlipidemia, aortic ATlR
expression showed a 2-fold increase (Nickenig et al. [Am J Physol] 1997; Wamholtz et
al. 1999). Simvastatin, an HMG-CoA reductase inhibitor, lowers expression of ATlR in
polymorphonuclear neutrophils (PMN) (Marino et al . 2007). Simvastatin downregulated
ATlR by apparently reducing the half-life of the ATlR mRNA in VSMCs (Wassman et
al. 2001) . PMNs from patients with CHD treated with atorvastatin

~bowed

an impairment

of superoxide anion (0 2") generation (Kowalski et al. 2006). PMNs from CV high-risk
subjects have increased oxidative metabolism and produce more IL-8 than cells from
healthy controls, but treatment with simvastatin results in reduction of PMN function
(Guasti et al . 2006). The resultant inhibition of PMN reduced the inflammatory signaling
that leads to atherosclerotic damage. Bioactive lipids of the 12/15-LO pathway have been
show to directly or indirectly up-regulate ATlR expression, though the exact
intermediaries were unknown (Xu et al. 2008). In one particular study, Angll stimulation
of mesangial cells overexpressing ATlR induced 12/15-lipoxygenase,

TGF~l,

and

fibronectin, indicating that oxidized lipid production by arachidonic acid metabolism in
the 12/ 15-lipoxygenase pathway activates ATlR expression and stabilizes the ATlR
mRNA.
1.17 Endocrinology of Angiotensin Type 1 Receptor Expression

1.17.1 Estrogen - Estrogen

(17~-

estradiol) deficiency has been associated
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with hypertension, because, as stated before, the ATIR subtype plays a key role in the
regula.tion of blood pressure (Nickenig et al. 1998). Estrogen has been shown to downregulate ATIR expression in mature endothelial cells (Gragasin et al. 2003) . However, in
another case estrogen had no effect on the expression of ATlR following a myocardial
infarction and development of left ventricular dysfunction, at least in early postmyocardial infarction phase. This data suggested that estrogen's control of RAS
components is not effective in the localized or tissue renin-angiotensin system (Dean et
al. 2005). Estrogen reduced AngII induced oxidative stress and senescence in EPCs
partially through down-regulation of ATIR expression. There appeared to be an
activation of cytosolic RNA binding proteins on the 5' untranslated region involved in
estrogen mediated modulation of ATIR (Krishnamurthi et al. 1999). However, estrogen
had no apparent direct affect on ERKl/2 activation or MAP kinase p38 phosphorylation.
Another study showed more interesting results on estrogen's effects on ATlR

expression~

AngII exposure resulted in an increase in peroxynitrite, while estrogen pretreatment
attenuated the production of peroxynitrite (lmanishi et al. 2005). It has been shown that
peroxynitrite activates NFKB , a stress inducible transcription factor and activator of
ATlR transcription (Cooke and Davidge 2002). Earlier we proposed that NFKB has an
important relatioship with eventual activation of Apl and induction of ATlR "overexpression". Yet another study has shown that estrogen can mediate down-regulation of
ATlR production in VSMCs, but in this study it was determined to be dependent on the
production of nitric oxide, as down-regulation was inhibited with NO-antagonism
(Nickenig et al. 2000). In support of this observation, renal cortical tissue levels of
angiotensin-converting enzyme activity and AngII have been observed to be increased
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following chronic NO synthesis inhibition (Kashiwagi et al. 2000). ACE activity and
immunoreactivity were increased in the blood vessels by a long-term blockade of NO
synthesis (Takemoto et al. 1997). Treament with L-NAME (a nitric oxide antagonist)
significantly decreased the vascular tissue levels of NO metabolites, which subsequently
affected the expression of RAS proteins. Expression of renin, ACE, and ATlR were all
increased. Expression of endothelin was also increased (Lee et al. 2002).

More

definitively, NO directly infused decreased the expression of ATlR in vascular smooth
muscle cells (lchiki et al. 1998). Returning to estrogen, the Nickenig et al. study indicated
that the mRNA transcripts were being destabilized by estrogen treatment, as suggested
before (Krishnamurthi et al. 1999). As an interesting supplement to the study, it was
shown that progesterone resulted in the up-regulation of ATlR in VSMCs; this was due
to stabilization of the ATIR mRNA by PI-3 kinase activation of either 3' UTR or 5' LS
binding proteins. (Nickenig et al. 2000).

1.172 Insulin - Insulin and insulin-like growth factors stimulate ATlR
expression (Kamide et al. 2004; Nickening et al. 1998; Hodroj et al. 2007). In one human
study, the insulin-signaling pathway was investigated at 2 different levels: PI-3 kinase
and ERK l /2 MAP kinase. It was determined that the effect of insulin on AT 1R mRNA is
mediated via both the MAP kinase and PI-3 kinase pathways in control patients, but in
type-2 diabetics, the effect appeared to be mediated exclusively by the ERKl/2 pathway
(Hodroj et al. 2007). The conclusion of this study revealed that insulin's effect on ATlR
expression was attributable to hyper-activation of ERK.112 in diabetic subjects, while PI-3
kinase plays a partial role in non-diabetics and no apparent role in type-2 diabetes.
Hyperglycemia results in the induction of oxidative stress, which in tum causes
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pancreatic islet cell dysfunction, and increased expression of AT 1R . In these cells,
resear<;hers have observed positive feedback by activation of these over-expressed
receptors by Angll and NADPH oxidase-dependent enhancement of oxidative stress.
(Leung and Leung 2008) Obese Zucker rats show increased expression and sensitivity of
ATlR. Over-expression of ATlR by hyper-insulinemia was attributed as a feature of the
metabolic syndrome in the obese Zucker rats (Xu et al. 2005).
Hyperglycemia has also been shown to have a direct effect on the expression of
ATlR (Thomas and Thekkumkara 2004). In this study, human PTEC cells showed a
significant reduction in the transcriptional activity of the ATlR promoter upon exposure
to hyperglycemic conditions, specifically 25 mM for 24 hours. In a related investigation,
the same hyperglycemic conditions in rat liver epithelial cells elicit a similar effect (Biju
and Thekkumkara - unpublished data); in addition, this down-regulatory effect has been
shown to have two critical components. First, the hyperglycemia induces MAP Kinase
p42/p44 activation, which may be blocked by treatment with the MEK inhibitor PD98059
and restoring the expression of ATlR. Second, the down-regulation by hyperglycemia
may be reversed upon treatment with the HDAC inhibitor, trichostatin A (TSA). The
exact relationship between MAP Kinase and HDAC in this cascade remains unclear. We
must not assume anything, particularly that HDAC activity is necessarily altered or
increased under hyperglycemic conditions. Rather, there is another possibility: the HDAC
activity may remain at constitutive basal levels, while histone acetyl transferase (HAT)
activity may be decreased. Upon inhibition of HDAC, the histones remain unchanged
from their original baseline state before hyperglycemic stimulation despite decreased
HAT activity, leading to unaltered transcription. This is one example when interpretation
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of TSA data becomes difficult and clouded with conflicting variables. What is known is
that hyperglycemia activates trans-acting factors that bind a particular cis elements in the
human ATlR promoter (Thomas and Thekkumkara 2004).
Insulin is a potent growth factor. Studies have shown that insulin, along with
other growth factors such as plately derived growth factor (PDGF) and epithelial growth
factor (EGF) induce trans-acting factors to bind directly to the human ATlR promoter
(Wyse et al. 2000). When stimulated with these factors, there was characteristic
mobilization of binding proteins to a "GAGA box" with the essential moiety of 5' GAGAGGG-3' located within 30 bp 5' to an Spl binding site. This GAGA box was
essential for the up-regulation of ATlR by these growth factors, These observations
concerning insulin are by no means independent. It is possible that these trans acting
factors observed in hyperglycemia or growth factor stimulation are ERKl /2 or PI3-K
dependent, or there is some significant role played by oxidative stress that has
overlapping signaling with the growth factors . The primary focus on insulin should be
that there are a diverse number of effects that we may see upon stimulation: increased
ATlR expression via oxidative stress in hyperglycemia, increased ATlR expression by
trans acting factor stimulation, or decreased AT 1R expression through stimulation of
trans acting factor binding the "glucose respones element" (GluRE). The effect of insulin

is not predictable and largely depends on the dose and cell type used in a particular study.

1.173 Thyroid Hormone - Triiodothyronine (T3) downregulates ATlR
expression both at transcriptional and posttranscriptional levels, and attenuates biological
function of Angil. T3 appears to have a direct action on the ATIR promoter, but it also
enhances the degradation of ATlR mRNA; thyroid hormone shows very similar effects
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on ATlR ·expression as the effects observed with estrogen treatment (Fukuyama et al.
2003) .. Transcriptionally, thyroid hormone down-regulates genes by dissociation of
corepressor complex from the hormone receptor, which then bind other transcription
factors like Oct-1 and NF-kB to inhibit their respective activities, which leads to lower
activation of the ATlR promoter (Kakizawa et al. 2001). This is an example by which a
nuclear hormone may have an indirect effect on the transcription of a seemingly
unrelated gene lacking critical response elements via release of its own co-repressors.
1.18 3' and 5' Binding Protein Post-Transcriptional Regulation

3' UTR protein binding is a powerful and versatile mechanism that cells may use
to modulate the expression of the ATIR by regulating mRNA stability. When fused to a
reporter gene, the ATlR 3'-UTR increased mRNA decay and decreased ATIR mRNA
translation. This effect was mediated by both RNA-binding proteins (RBPs) and
microRNA-155 (Nickenig et al. 2002; Pende et al. 1999; Martin et al. 2006.). However,
activation and binding of p 100 leads to an alternate interaction with the 3 '-UTR leading
to both stabilization and enhanced translation of ATIR mRNA. This effect was found to
be independent of RNA induced silencing complexing (RISC) pathway (Paukku et al.
2008). For clarification, RISC is a multiprotein assembly induced by microRNA binding
to a 3'-UTR (Agrawal et al. 2003; Maniataki and Mourelatos 2005). Rat plOO has been
shown to increase in VSMCs in response to oxidative stress (Sakamoto et al. 1999).
RNA-protein complex formation in the ATl aR 5' LS is regulated in a manner that
inversely correlated with changes in ATIR densities under a variety of conditions,
including dietary sodium manipulation (Krishnamurthi et al. 1998), estrogen deficiency
(Wu et al. 2003) and renal mass ablation (Mok et al. 2003). cAMP modulation was
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essential for many interactions with the 5' untranslated region and modulation of ATlR
regulation (Xu and Murphy 2000; Wang and Murphy 1998; Krishnamurthi et al. 1998).
1.19 Peroxisome Proliferator Activated Receptor-y

Another transcription factor has been implicated in the direct control of the
ATlR. Peroxisome proliferator activated receptor-y (PPARy) is a nuclear hormone
receptor that heterodimerizes with the retinoid-X receptor (RXR) and binds to PPARy
response elements (PPREs) to control the transcription of a myriad of target genes. As the
catalog of controllable genes by PPARy is vast, we shall focus on its direct effects on
ATlR transcription and relevant cardiovascular markers. It appears that there is an
inverse relationship between Angil signaling and PPARy activation. Troglitazone, a
PPARy activator, significantly increased the transcription activation of PPARy in human
coronary artery epithelial cells (HCAEC) in vitro. However, activation of PPARy was
markedly inhibited by high glucose and AngII stimulation. Meanwhile, silencing of
ATlR expression inhibited the inactivation of PPARy induced by Angil and
hyperglycemia (Min et al. 2010). Hyperglycemia increased ATlR expression in VSMCs
and endothelial cells, which further inhibited the activation of PPARy and caused the
development of vascular complications in diabetes (Sodhi et al. 2003) .
PPARy agonism plays an important role in the cardioprotection, and much of
what has been found is exclusive to PPARy; however, there are phenomena indicating
that there is an overlap between PP ARy signaling and the renin-angiotensin system.
Troglitazone prevented endothelial cell adhesion molecule expression and lymphocyte
adhesion mediated by inflammatory cytokines (Sasaki et al. 2005). The mechanisms
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include suppression of promoter activity of chemokine genes and direct inhibition of
NFKB 11ctivation on these promoters in vitro and in vivo (Meerarani et al. 2006). PPARy
inhibited transcription of inducible nitric oxide synthase, gelatinase B, and scavenger
receptor genes in macrophages leading ultimately in a reduction in macrophage activation
(Ricote et al. 1998). PPARy also down-regulated thomboxane synthase in macrophages
via an interaction with NF-E2 related factor 2 (Ikeda et al. 2000). Production of PPARy
ligands in monocytes inhibited production of inflammatory cytokines (Jiang et al. 1998).
VSMCs show suppressed metalloproteinase-9 by PPARy (Marx et al. 1998). At least one
ARB , telmisartan, has been identified as a selective partial PPARy agonist (Yumuk
2006).
A particularly interesting study has found that there is a suppression of ATlR
gene expression by PPARy activation though apparently through a PPRE independent
mechanism within the ATlR promoter. Their conclusions were based on the observation
that the -58/-34bp region of the gene promoter was essential to the PPARy activatorinduced ATlR suppression. Activated PPARy inhibited Spl function by a direct proteinprotein interaction (Sugawara et al. 2001). However, the investigators were unable to
identify the interacting protein involved in the suppression of Spl binding. PPARy
suppression of ATlR transcription via interference of Spl binding to promoter can be
abrogated by MAP kinase activation (Sugawara et al. 2003). Telmisartan, the above
mentioned ARB that acts as a selective PPARy agonist, also suppresses ATlR expression
through a PPARy-mediated pathway which involved interference with the Spl binding
site, though it was concluded to be accomplished through transrepression (Imayama et al.
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2006).

Similarly, resveratrol treatment induces sirtuin 1 (SIRT 1) a longevity gene that

also inhibits Spl binding to the ATlR promoter and prevents transcription of the gene
(Miyazaki et al. 2008).
1.20 Specificity Protein 1
As I had mentioned before, specificity protein 1 (Spl) has been implicated in
many studies as an important regulator of ATlR gene expression. Spl transcriptional
control is altered upon the stimulation of PPARy receptors. However, we are interested
in the mechanisms that dictate Spl activity.

Spl binds to a characteristic GC-box

(GGGGCGGGGC) and other related elements. The locations of these elements are nonspecific on Spl 's ability to activate gene transcription. According

~o

Courey et al., Spl

can stimulate transcription from both proximal and distal promoters (Courey et al. 1989).
Spl has been attributed particularly with the basal transcription of the ATlR protein
(Zhao et al. 2001). In this study, the researchers demonstrated in Drosophila SL2 cells
that Sp 1 and Sp3 could transactivate the -105/-79bp region of the hATl R promoter. In
another study, it was shown that Sp 1 could bind to and activate the GC-box related
element of the ATlR promoter (Sugawara et al. 2001) As it is assumed that Spl is critical
for basal transcription of ATlR, many studies examine how Spl activity may be altered,
which subsequently may affect the transcription of ATlR mRNA. However, factors
dictating Spl activity remain unclear.

Modifications, such as phosphorylation,

glycosylation, and acetylation have mixed effects that appear to have gene-specific
consequences. It has become essential to determine which modifications dictate the most
prominent effects in Spl transactivation.
Phosphorylation at distinct sites can have profound effects on Sp 1 activity.
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Figure 6: PPARy and its direct regulation of Spl binding of the ATlR promoter.
PPARy in its native state (inactive) has no effect upon ATlR transcription (A). Upon
activation with a thiazolidinedione, or TZD (eg. rosiglitazone), PPARy displaces the Spl
transcription factor dictating basal transcription of ATlR (B). Angil stimulation of the
ATlR activates MAP Kinases, which have an inhibitory effect on the binding of PPARy
to the promter, thereby inhibiting its regulatory effect (C). Combined treatment with an
ARB and TZD prevents this MAP Kinase activation by Angil binding, and allows full
inhibitory effect of PPARy on the ATIR promoter (D).
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Phosphorylation of Spl by casein kinase II repressed Spl activity, whereas the
phosphprylation by DNA-dependent protein kinase or cyclin-dependent kinase 2
regulated the transactivity and enhanced the DNA binding affinity of Spl (Armstrong et
al. 1997; Banchio et al. 2004; Fojas et al. 2001; Jackson et al.1993) . In a related study, an
interaction between Spl and cyclinA showed a particular enhancement of Spl-mediated
gene transcription. pl6, a cyclin-dependent kinase inhibitor, induced cyclinA/cyclindependent kinase downregulation which resulted in attenuation of phosphorylation of Sp 1
and consequential suppression of Spl-mediated gene transcription (Wang et al. 2006).
In addition, glycosylation of Spl regulates the proteasome-dependent degradation
of Spl (Brasse-Langel et al. 2003, Du et al. 2000; Han and Kudlowl997). Several studies
have also shown, using trichostatin A (TSA) treatment, that Spl is acetylated to regulate
DNA binding affinity or transactivation (Black et al. 1999; Duan et al . 2005; Huang et al.
2005; Ryu et al. 2003). In human epidermoid carcinoma, Spl was constitutively
acetylated at Lys703 and deacetylation of Spl induced activation of 12-lipoxygenase
gene expression (Hung et al. 2006). In another study showing an opposing effect of
acetylation as crucial to the activation of Spl , histone deacetylase (HDAC) mediated
repression of transforming growth factor (TGF)

~

type II receptor gene transcription by

deacetylating Spl (Zhao et al. 2003).
Factors that influence the binding activity of Spl to gene promoters are obviously
important, but it is equally important to understand the mechanics of Spl gene activation.
There are two principle mechanisms by which Spl activates the transcription of mRNA.
First, there is the recruitment of TATA-binding protein (TBPffFIID), an initial unit in the
RNA polymerase complex (Ptashne and Gann 1990). However, TFIID recruitment is not
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easily attributable to genes that are activated by Spl and possess no TATA-box. In these
cases, there is an alternate mechanism. CREB-binding protein (CBP) and p300 are
reported to interact with Spl (Suzuki et al. 2000; Kundu et al. 2000) and enhance its
DNA binding (Suzuki et al. 2000) . CBP/p300 induced transcription activation through
their intrinsic histone-acetyltransferase [HAT] activity (Bannister and Kouzarides 1996).
This HAT activity is activated by MAP kinase p42 induced CBP phosphorylation (AitSi-Ali et al. 1999).
Liver-X nuclear receptor (LXR) activators are reported to prevent the
development and progression of atherosclerosis in animal models (Tangirala et al. 2002;
Levin et al. 2005). LXR agonists down-regulate ATlR expression and attenuate the
cellular response to Angll. LXR agonist induced down-regulation appeared to have a
significant relationship with the Spl binding site at -58/-34 bp. When pretreated with an
LXR agonist, VSMCs showed increased p16 expression and decreased phosphorylation
of Spl at the cyclin-dependent kinase associated serine residue (lmayama et al. 2008).
We may recall that the loss of this phosphorylation has deleterious effects on Spl
transacti vation.

1.21 Mitogen Activator Protein Kinases
Many studies have mentioned mitogen activated protein kinases (MAPKs), which
in RAS physiology, generally pertains to MAP Kinase p42/p44, p38 MAP kinase, and cJun N-terminal kinase (JNK), as important regulators of ATlR expression. My own
laboratory explores MAP Kinase p42/p44 expression in rat liver epithelial cells and its
effect on receptor regulation.

However, views on MAP Kinase signaling are often

conflicting. For example, when determining which kinase is essential for the expression
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of a hypertrophic phenotype, researchers have been unable to determine whether
activati<;>n of MAP Kinase p42/p44 or JNK mediates specific changes in gene expression
associated with pathologic hypertrophy (Post et al. 1996; Nemoto et al. 1998; Sadoshima
et al. 2002). There is evidence which suggests that p38 MAP Kinase is able to mediate
the development of pathologic cardiomyocyte hypertrophy (Esposito et al. 2001; N emoto
et al. 1998; Thuerauf et al. 1998; Zhang et al. 2000; Zhang et al. 2003). p38 MAP
Kinase activation in the hypertrophic growth program of cardiomyocytes is accomplished
through SRE (c-fos serum response element)-mediated transcriptional stimulation
(Thuerauf et al. 1998). Ang II stimulation obviously has a distinct cascade of intracellular
kinases, but only some of the kinases may be associated with pathologic Ang II/ATlR
effects, while others may possess some inherent protective effects. ERKl/2 essential
down-regulation examined in our own laboratory is a particularly useful example, though
cell type may be an important factor.

In one other study, increase in AT 1R gene

expression is associated with increase in gene expression of two of the three intracellular
kinases studied, namely MAP Kinase p44 and PI-3 kinase (Reja et al. 2006). In a noted
review, the author concluded that there were two sides to the control of ATl R regulation
by MAP kinases and that p38 MAP kinase mediates free radical-induced ATlR
regulation, whereas ERKl/2 MAPK was presumably involved in insulin driven ATlR
over-expression (Nickenig et al. 1998). For example, blockade of ERKI/2 signaling did
not alleviate short-term pressor response, but anti-oxidant treatment (i.e. p38 MAP kinase
inhibition) played an active role in the short and long-term pressor reponses by Angil
(Chan et al. 2005). ERKI/2 activation is one of the strongest intracellular signals
activated by Angil binding to the ATlR. Angil activation of ATlR has been shown to
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Figure 7: Distinct activation of ATlR expression by ERK and p38 MAPK. From the
literature we may sketch two distinct pathways in which MAP Kinase may activate the
expression of ATIR. In the oxidative stress pathway, cytokines like TNFa and IL-1~
stimulate cytokine receptors, which have a direct effect on the expression on the NADPH
oxidase complex, enhancing oxidative stress. Reactive oxygen species (ROS) then
activate p38 MAP Kinase and NFxB which enhance the expression of ATIR. In an
alternate pathway, insulin activates a signal transduction cascade eventually leading to
ras/raf, MEK, and ERKl/2 activation, and thus enhancing the expression of ATlR
independently of oxidative stress.
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lead to activation of protein kinase C-beta (PKC~).

This activation further enacts

NADPf!: oxidase p42phox subunit dependent phosphorylation of ERKl/2 and subsequent
activation of c-fos gene by the transcription factor CREB (Chan et al. 2007). This
activation was attributed to be one of the principle causes of the long-term presser
responses in Angll signaling, but it did not directly affect the up-regulation of the ATlR
protein.
In previous work involving the novel angiotensin type 1 receptor-associated
protein (ATRAP), researchers had speculated that the MAP Kinase signaling would be
broadly affected by expression of ATRAP (Cui et al. 2000). ATRAP is expressed
endogenously in cardiomyocytes and is located perinuclear. ATRAP was found to
promote downregulation of ATlR in cardiomyocytes. However, ATRAP selectively
attenuated Angll induced phosphorylation of p38 MAP Kinase but not that of MAP
Kinase p42/p44 or JNK. ATRAP decreased Angll induced c-jos promoter transcription
and protein synthesis in cardiomyocytes (Tanaka et al. 2005). The identity of ATRAP has
remained elusive, but its ability to down-regulate the ATlR and thus affect subsequent
MAP kinase activation in a p38 specific manner has provided an important element to
ATlR expression in relation to MAP kinases.
1.22 Conclusion

By review of organ systems expressing ATlR with a further inspection of
intracellular modulators of ATlR expression, we believe that our current understanding
of ATlR regulation has many areas that require further investigation. Many questions
are raised by the participation of overlapping signal transduction mechanisms. What
dictates a single tissue's response to Angll stimulation and the subsequent up- or down46
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regulation of the receptor? Which MAP Kinases are responsible for enhanced ATlR
expression? Is there an inherent negative feedback in Angil stimulation of ATlR? Why
is this effect not observed in all tissues stimulated by Angil? Can MAP Kinases really
mediate both effects, and how may we capitalize on this? If so, which MAP Kinases? Our
own research involves the expression of the ATlR in rat liver epithelial cells; as a result,
we are at a disadvantage as most research has involved smooth muscle cells, renal
medullary and cortical cells, neural cells, etc.. .

We may assume nothing when

approaching the expression modulation of the angiotensin type 1 receptor in this cell
type, but common mechanisms probably correlate with previously established data. We
believe novel mechanisms of ATlR control are extremely important to keep the
innovations in RAS associated therapy on the cutting edge.
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Chapter 2
Hypothesis
Previously, it has been reported that there is an inverse relationship between
glucose levels and expression of the ATlR in proximal tubule epithelial cells (Thomas
and Thekkumkara 2004). Several studies have shown that Angll induced cellular
response (i.e. hyperplasia) may be blocked by retinoic acid treatment (Wang et al. 2002;
Wu et al. 1996; Lu et al. 2003). Indeed, retinoic acid has been recognized to be in
connection with renin-angiotensin system signaling (Choudary et al. 2008a). From the
perspective of these studies, one of two possibilities is represented; either the members of
the multi-component signal transduction cascade mediated by stimulation of the ATlR
are being blocked specifically by retinoic acid (i.e. ERKl/2, p38, STAT-JAK), or the
receptor is being down-regulated leading to impairment of all subsequent pathways.
Furthermore, studies have indicated that retinoic acid can induce PPARy and thus lead to
an insulin-sensitized cell (Macejova et al. 2009; Krskova-Tybitanclova et al. 2008;
Manolescu et al. 2010) . I hypothesized that retinoic acid is capable of down-regulating
the ATlR itself; if the ATlR is being down-regulated, it may be due to increased insulin
sensitivity and increased intracellular glucose uptake. In the present study I used
continuously passaged rat liver epithelial cells (WBs) sensitive to insulin facilitated
glucose transporters as a model system for studying the regulation of ATlR expression. I
demonstrated that 13cRA is capable of down-regulating ATIR expression in these cells,
which is independent of increased uptake of glucose. Down-regulation of the ATlR
correlated with reduced response to Angll mediated intracellular calcium release in these
cells. Furthermore, the 13cRA mediated down-regulation I observed in these cells was
48
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determined to be due to MAP kinase activation. I performed studies to better understand
how MAP Kinase activation will result in a down-regulation of the ATlR despite its long
correlation with an increase in expression from other studies (insulin MAP Kinase
activation). This mechanism appears to be related to the direct activation of Egr-1 protein
production which forms a protein-protein interference complex with Sp 1, a known
activator of ATlR expression. The induction of Egr-1 protein is critical for 13cRA
mediated ATlR down-regulation. To my knowledge, this is the first study elucidating the
effects of 13cRA on ATlR expression and function .
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Chapter 3
MATERIALS AND METHODS
3 .1 Materials
Continuously passaged rat liver epithelial cells (WB cells) were kindly provided
by Dr. H. Shelton Earp, University of North Carolina at Chapel Hill (Chapel Hill, NC).
XL-1 Blue from Stratagene (Santa Clara, CA). pCAT vectors were provided by Promega
(Madison, WI). Richter's improved minimal essential medium was obtained from
Cellgro-Mediatech Inc. (Manassas , VA). Fetal bovine serum (FBS) was from EquitechBio, Inc. (Kerrville, TX). Oligonucleotide primers and biotinylated probes were obtained
from Integrated DNA Technologies, Inc. (Coralville, IA). PCR mas_ter mix was from
Roche (Indianapolis, IN). Losartan was provided by Merck Sharp & Dohme Research
Laboratories (Rahway , NJ) . 13-cis retinoic acid, insulin, actinomycin D, mithramycin A,
and gentamycin were from Sigma (St. Louis, MO). DNA/RNA extraction reagents were
from Ambion/ABI (Austin, TX). [3H]Angll was from Amersham (Piscataway , NJ).
[3H]D-Glucose was from Perkin-Elmer (Waltham, MA). Fura-2 AM and PD98059 were
from Calbiochem (La Jolla, CA) . Actin, Spl, and ATlR antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA) and Egr-1, total-MAP Kinase, and phospho-MAP
Kinase antibody were from Cell Signaling (Danvers, MA). siRNA transfection reagent
RNAiMAX and siRNA oligonucleotides were from Invitrogen (Carlsbad, CA).
Electrophoresis regents were from Bio-Rad (Hercules, CA) and all other chemicals and
molecular biology grade agents were purchased from Fisher Scientific (Fairlawn, NJ).
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3.2 Cell Culture
The cells were maintained in Richter's improved MEM supplemented with 10%
FBS, 10 mM glucose, 17 .8 mM HEPES, 5 .4 µg/ml insulin, and 44.6 µg/ml gentamicin, at
37°C in 5% C02 with 100% humidity. For the studies, cells were grown to 70-80%
confluence and the medium was exchanged with treatment medium (Richter's improved
MEM supplemented with 5% FBS, 5 mM glucose, 17 .8 mM HEPES, 5 .4 µg/ml insulin,
and 44.6 µg/ml gentamycin). After 24 h cells were exposed to treatment medium
containing 13cRA for indicated concentrations and times.
3.3 Angiotensin Receptor Binding Studies
Receptor binding studies were performed in triplicate on WB cells before and
after 13cRA exposure as described previously (Thekk:umkara et al. 1995). Briefly, cells
were washed twice with PBS and incubated with [3H]Angll (20 pM) at 22°C in a binding
buffer containing 50 mM Tris HCl (pH 7.5), 120 mM NaCl, 4.0 mM KCl, 5 mM MgCl2 ,
1.0 mM CaC12 , 10 µg/ml bacitracin, 2 mg/ml dextrose , and 2.5 mg/ml bovine serum
albumin. After 60 min incubation cells were washed with ice cold PBS three times to
remove free radioactivity. Cells were then lysed with 0.1 % Triton X-100 in PBS. The
cells were scraped and transferred to counting vials and radioactivity was determined
using a Beckman liquid scintillation counter. Specific [3H]Angll binding was defined as
that portion of the total binding displaced by 1 µM unlabelled Angll. At equilibrium,
specific binding was more than 95% of the total binding. Protein concentrations were
determined using Bio-Rad protein assay system based on the Bradford method (Bradford
1976). Data were analyzed and non-linear regression curves were obtained using the
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computer software GraphPad Prism; Kd and Bmax were calculated as described previously
(Swillens_1992).
3.4 Western Blot Analysis
Cells were lysed by sonication in lysis buffer containing 50 mM HEPES, 1%
Triton X-100, 50 mM NaCl, 50 mM NaF, 10 mM sodium-pyrophosphate, 5 mM EDTA,
and one tablet per 10 ml of Mini-Complete Protease Inhibitor (Roche, Branford CT).
Equal amounts of protein (25 µg/lane) were resolved by SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred onto a nitrocellulose filter (Millipore, USA). The
filters were blocked with tris-buffered saline (TBS) containing 5% nonfat milk and
incubated overnight with monoclonal antibody against phospho-MAI> Kinase p42/p44,
MAP Kinase p42/p44, or Egr-1 (1:1000 dil., Cell Signaling, USA), polyclonal antibody
against Spl (1 :1000 dil. Santa Cruz), or monoclonal antibody against actin (1:3000 dil.,
Santa Cruz, USA). After washing three times with TBS containing 0.5% Tween 20,
bound primary antibody was detected with anti-rabbit HRP conjugated goat-lgG (1 :5000
dil., Santa Cruz, USA) . Immunoreactive proteins were visualized using the
chemiluminescent substrate kit from Pierce Biomedical (Thermo Scientific Pierce, USA).
3.5 Reverse Transcriptase - Dual PCR and Southern Blot Analysis
Cells were grown to 70-80% confluency and treated with or without 25 µM
13cRA for 24 hours. Total RNA was isolated using guanidum thiocyanate-phenolchloroform method as described previously (Thekkumkara and Linas 2003). Total RNA
was quantified and 5 µg/condition were processed for cDNA template conversion using
MLV-RT. The reaction without reverse transcriptase served as control for DNA
contamination.

The

cDNA

was

then

amplified with a dual-PCR primer set for
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ATlR and ~-actin rnRNA (ATlR sense- 5'-TGATTCAGCTGGGCGTCATCCA-3' ;
ATlR ~tisense- 5'-TTTCGTAGACAGGCTTGAGTGGG-3': ~-actin sense -

5'-

CGGAACCGCTCATTGCC-3'; ~-actin antisense- 5 '-ACCCACACTGTGCCCATCTA3 '). The PCR was performed in a 50 µl sample volume subjected to 30 cycles and the
amplicons were analyzed on a 2% agarose ethidium bromide gel. Bands were visualized
under UV to assure appropriate band density among ~-actin controls and transferred to a
nylon membrane using Southern capillary transfer as described previously (Brown 2001).
The amplicon was then hybridized with biotinylated internal probes specific for both
ATlR (5'-CTGACATCGTGGACACTGCCATG-3') and ~-actin (5'-AGAGGGAAA
TCGTGGGTGACATT-3'). The membranes were then washed and bands visualized
using Chemiluminescent Nucleic Acid Detection Module according to the manufacturer's
instructions (Thermo-Scientific). Intensity of bands were captured by the Bio-Rad Versa
Doc®and quantified using Quantity One®software. For the rnRNA stability studies, cells
were pre-incubated with 1 µg/ml actinomycin D for 15 min and then treated with or
without 13cRA for indicated times . Total RNA was isolated using the method as
described above. The densitometric data was further analyzed by linear regression using
Graphpad Prism®software to determine the half-life of the ATIR mRNA.
3.6 [3H]Glucose Uptake Assay
Cells were grown to 70-80% confluence in 12-well plates. Growth media was
exchanged for media supplemented with or without insulin and in the presence or
absence of 13cRA, leaving a total of four treatment groups . At the end of 24 hours, cells
were washed twice with warm PBS followed by replacement with growth medium
15 minutes the media was exchanged for

containing 1% FBS and no glucose. After
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growth media containing 1% FBS and 5 mM glucose. To each well was added 100 nCi
[3H]D-glucose, and the cells were incubated for 20 min at 37°C. The medium was
aspirated, and the cells were washed three times with chilled PBS. The cells were then
lysed with a lysis buffer containing 1% SDS and 200 mM NaOH. The lysates were
collected, and the radioactivity was determined in a liquid scintillation counter. Specific
activity was correlated to picomoles of glucose taken up per mg of protein per unit time.

3.7 Immunofluorescent Microscopy
Cells were seeded and grown in chamber slides (Nalge-Nunc International Rochester, NY), were exposed to 13cRA for 24 hours. At the end of 24 hours, cells were
washed once with ice-cold PBS and fixed for 20 minutes in 4% paraformaldehyde. Cells
were then blocked in 5% goat serum for one hour and incubated in primary antibody [dil.
1:1000-Santa Cruz] directed against rat ATlR overnight at 4°C. Cells were washed five
times with ice-cold PBS and incubated at room temperature for 2 h with Alexa-Fluor®
488 conjugated secondary antibody [dil. 1:3000-Invitrogen]. Washed cells were stained
with 10 nM 4' ,6-diamidino-2-phenylindole (DAPI) for 5 minutes. After a final wash,
ProLong Gold AntiFade from Invitrogen was applied and placed under coverslips. Slides
were held at 4°C for 48 hours. Images were then visualized using a fluorescence
microscope (Olympus IX81 equipped with Slidebook®software).

3.8 Measurement of Cytosolic Free Ca2+ Concentration
WB cells grown to 70-80% confluence in 35 mm optical bottom plates (MatTek
#P35G-0-10-C - Ashland, MA) and Angil induced changes in intracellular calcium was
monitored using microspectrofluorometry method as described (Grynkiewicz et al. 1985).
Briefly, cells were loaded with 1 µM fura2-AM in HBSS for 20 minutes. The cells were
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washed twice with HBSS and changes in intracellular Ca2+ were measured. The
microscope' s emission wavelength was set at 510 nm and the excitation wavelengths at
340 and 380 nm. Excitation was monitored by a high-speed wavelength-switching device
recorded with a CCD camera. Images were collected and analyzed using Slidebook®
image analysis software. Alternatively, we quantified Angil induced increase m
intracellular calcium by the Fluorescent Imaging Plate Reader (FLIPR) method as
described in Grynkiewicz et al. In short, 70-80% confluent cells in 6-well plates were
loaded with 1 µM fura-2AM in 1 ml of Dulbecco's phosphate buffered saline (DPBS) for
1 hat 37°C. The cells were then washed once with warmed DPBS and twice with FLIPR
buffer (145 mM NaCl , 2.5 mM KCl, 10 mM HEPES , 10 mM glucose , 1.2 mM MgC12 ,
and 1.5 mM CaC12 .). The cells were then analyzed in 900 µl of FLIPR buffer on the
BioTek® SynergyMx fluorescent plate reader for baseline readings for two minutes , and
Angil was added to a final concentration of 1 µM for an additional four minutes. At the
end of each experiment the maximum emissions for Ca2+ bound fura-2 and free fura-2
were obtained by sequential addition of 20 µl of 15 mM digitonin and 20 µl of 300 mM
EGTA. Changes in nanomolar concentrations of intracellular calcium were calculated
using the formula .. .

d

(F-F min

-

CFmax-F)
x

Kd in this equation is pre-determined at 224. F corresponds to the fluorescence reading
after Angil exposure, while Fx corresponds

to the fluorescence reading just before
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Angll application. Fmin is the minimal fluorescence detected after addition of EGTA.
F max is the .maximum fluorescence detected after addition of digitonin.
3.9 Egr-1 - MAP Kinase p42/p44 lmmunofluorescent Microscopy
Cells were seeded and grown in four-chamber microscope slides (Bio-Tek). After
indicated treatment times the cells were washed once with cold PBS and fixed for 20
minutes in 4% paraformaldehyde. Cell nuclei were further perforated by incubation in
100% pure methanol at -20°C. The cells were then blocked in 5% goat serum for one
hour and incubated overnight at 4°C in rabbit primary antibody [1:1000 dil. Cell
Signaling Technologies] directed against rat Egr-1 or phospho-ERK 1/2 proteins. Cells
were washed five times with cold PBS and incubated at room temperature for two hours
with Alexa Fluor® 488 conjugated secondary goat anti-rabbit antibody [ 1:3000 dil.
Invitrogen]. Cells were washed an additional five times and stained with 4' ,6-diamidino2-pheny lindole (DAPI) , 10 nM for 5 min. After a final wash, coverslips were fixed to
slides with ProLong Gold AntiFade [lnvitrogen] for 48 h. Images were then visualized
and captured on the fluorescence microscope (Olympus and Slidebook software) .
3.10 Preparation of Competent Cells
A single colony of XL-1 blue grown on a LB agar plate was isolated and added
to 20 ml of liquid LB medium (10.0 g Trypton, 5.0 g yeast extract, 10.0 g NaCl per 1.0 L
of H20) containing 16.5 µg/ml of tetracycline. The culture was grown overnight at 37°C
in a shaker incubator. 2.0 ml of the overnight culture was added into 200 ml of fresh LB
medium. The new culture was incubated at 37°C in shaker incubator until the sample
read an optical density of O.4 at ~600. The culture was chilled on ice for 10 min and
centrifuged for 7 min at 4°C at 2500 X g.

The medium was removed and the cell
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pellets were resuspended in 10.0 ml of ice-cold CaC12 buffer containing 50 mM CaC12 ,
15% glycerol, 10 mM PIPES pH 7 .0 [filter sterilized] . The samples were re-centrifuged
for a further 5 min at 4°C at 2500 X g. The solution supernatant was decanted and cell
pellets were resuspended in 10.0 ml of fresh CaCl2 buffer (chilled). The cells were
incubated for 30 min on ice, followed by an additional centrifugation at 2500 X g for 5
min at 4°C. Supernatants were decanted and 2.0 ml of ice-cold CaC12 was added to each
sample. The cells were incubated for 1 h on ice. The homogenous CaCl2 bacterial
suspension (competent cells) was dispensed into cryo-vials, 200 µl each, and frozen
immediately at -80°C.
3.11 Plasmid DNA Transformation Into Competent E.coli
All DNAs were stored in tris-EDTA (TE buffer) at a concentration of 0.5 µg/µl at
-20°C. 500 ng (1 µl) of plasmid DNA was added to 19 µl pure H20 and 20 µl 2X TCM
buffer (20 mM Tris-HCl, pH 7.5, 20 mM MgC12 , 20 mM CaC12). The 40 µl solution was
added to an equal 40 µl of competent cell suspension, thawed over ice. The 80 µl sample
was incubated on ice for 1 h. The cells were then heat-shocked at 42°C for 3 min,
followed by immediate replacement on ice for 5 min. 500 µL of LB medium was added
to the newly transformed cells, and spread at three different concentrations to LB agar
plates (10.0 g Trypton, 5.0 g yeast extract, 10.0 g NaCl, 15.0 g agar per 1.0 ml of
deionized H 20) containing 25 µg/ml ampicillin.

The plates were inverted and the

colonies grown overnight at 37°C in a bacterial incubator.
3.12 Rapid Plasmid DNA Isolation for Screening
A single isolated bacterial colony grown overnight on LB agar plates with 25
µg/ml ampicillin was picked and cultured
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containing 5.0 ml LB medium with 25 µg/ml ampicilin.

The culture was grown

overnight at 37°C in a shaker incubator. 50 µl was removed to a sterile microcentrifuge
tube and kept at 4°C for future inoculation. The 15 ml culture tubes were centrifuged for
3 min at 10000 X g. The supernatant was decanted and the cell pellet was resuspended in
110 µl of STETL buffer (8 .0% Sucrose, 0.5% Triton X-100, 50 mM Tris-HCl pH 8.0, 50
mM EDTA, 0.5 mg/mL Lysozyme) and transfered to a 1.5 ml microcentrifuge tube. The

suspension was incubated at 22°C for 10 min followed by a 2 min heating in a boiling
water bath (100°C). The samples were centrifuged at 16000 X g for 15 min at 4°C. The
resulting pellet was removed from the microcentrifuge tube using a toothpick. To the
pellet free supernatant was added 0.5 µl of DNase free RNase (2 U/µl) and incubated 30
min at 37°C. 110 µl of cl;lilled isopropanol was then added to the sample. The sample
was mixed and microcentrifuged immediately for 15 min at 4°C. The supernatant was
discarded and the pellet was resuspended in 50 µl TE buffer pH 7 .5. The sample was
then quantified spectrophotometrically at Li260 and analyzed by eithidium bromide
agarose gel electrophoresis.
3.13 Plasmid Large Scale Preparation

From the 50 µl sample reserved from the screening bacterial culture, 20 µl of
positively confirmed bacterial culture was added to 20 ml of LB with 25 µg/ml ampicillin
in a 50 ml polypropylene culture tube (2X). The culture was grown in a shaker incubator
overnight at 37°C. Next morning , the cultures were centrifuged for 20 min at 3300 X g at
4°C. The supernatant were decanted and 1.0 ml of lysis buffer per tube was added to the
cell pellet. Once resuspended, the samples were transferred to 14 ml polyethylene tubes.
250 µ1 of lysozyme solution (lysis buffer

with 2 mg/mL of lysozyme) was added; the
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solution was kept on ice for 25 min. 2 ml of alkaline SDS solution (0.2 M NaOH, 1%
SDS) was ~dded to each tube . The tubes were kept on ice for an additional 10 min. 2.5
ml of potassium acetate solution (29.4 g potassium acetate, 11.5 ml glacial acetate, H 20
up to 100 ml) was then added to each tube and were mixed by inversion. The tubes were
incubated on ice for an additional 10 min. The tubes were centrifuged at 10000 X g at
4°C for 20 min . The supernatant was filtered through a cheese-cloth and transferred to a
new 14.0 ml polyethylene tube. An equal volume (5.0 ml) of phenol-chloroform pH 7 .4
was added and mixed thoroughly by inversion. The sample was centrifuged at 10000 X g
at 4°C for 10 min. The aqueous layer was removed carefully and added to a fresh
polyethylene tube . An equal volume of DNA grade chloroform was added to the sample
and mixed throughly . After centrifugation at 10000 X g at 4°C for 10 min, the aqueous
layer was removed to a fresh polyethylene tube. An equal volume of 100% isopropanol
at -20°C was added to the solution. The isopropanol mixture was incubated for 1 h at 20°C to facilitate DNA precipitation. The solutions were centrifuged for 20 min at 10000
X g at 4°C.

The supernatant was removed completely and the DNA pellet was

resuspended in 500 µl of TE buffer. The newly suspended DNA was removed to fresh
microcentrifuge tubes. The suspension was incubated with 2 µl of DNase free RNase (2
U/µl) per tube at 37°C for 25 min. Then an equal volume of phenol-chloroform pH 7 .4
was added (500 µl). The samples were centrifuged for 10 min at 10000 X g at 4°C. The
aqueous layer was removed to a fresh microcentrifuge tube and an equal volume of DNA
grade chloroform was added. The samples were mixed and centrifuged for 10 min at
10000 X g at 4°C. The aqueous layer was removed to a fresh microcentrifuge tube. 40 µl
of IO mM ammonium acetate was ·added to

the 500 µl (or less) of supernatant. 1.0 ml
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of 100% ice-cold ethanol was added to the solution, mixed, and kept at -80°C overnight.
The tubes .were centrifuged at 16000 X g for 20 min at 4°C. The supernatant was
removed, and the DNA pellets were washed with 800 µl of 70% ice-cold ethanol. The
sample was centrifuged at 16000 X g for 15 min at 4°C. The supernatant was removed
and the pellet was dried under vacuum. The pellet was suspended in 100 µl of TE buffer.
The samples were then quantified spectrophotometrically at Li260 and analyzed by
ethidium bromide agarose gel electrophoresis.
3.14 Construction of Expression Plasmids
3300 bp 5' promoter sequence of the rat ATlR was obtained from GenBank (Ace
no. NC_005116.2) and custom cloned and confirmed by sequencing.

All DNA

manipulations were carried out using standard techniques as described in (Current

Protocols in Molecular Biology-V. 4, Wiley Scientific). Using the genomic clone as a
template for polymerase chain reaction (PCR) and oligonucleotides corresponding the
published sequence of rat ATlR promoter, fragments of varying length were amplified. ·
The oligonucleotide corresponding to exon 1 (+45 to + 23 bp) of the rat ATlR (5'ACAGATCTICTCCAGCGGGACA-3') was used as the antisense primer for each
reaction. The varying sense primers (rPl, 5'-GCCTTATGCTAGCCTC CCTCCATC-3';
rP2, 5'-CCTTTGCTAGCCTTCCTTCCATC-3'; rP3, 5'-GGGCTAGCGCGAGAGAG
CCA-3' ; rP4, 5 '-AAGGCTAGCGCAGAAACAGACTCT-3'; rP5, 5'-GTIGAGCTAGC
ATAATGAGGGGCA-3'; rP6, 5'-CAAATACTGAGGTCAAAGCTAGCAGCAA-3';
and rP7 5'-GAATICGAGCTCGGTACCTCGCGA-3') yielded fragments of 310, 652,
'

1266, 1836, 2541, 2824, and 3321 pairs, respectively.
digested with Bglll and (for rP1-rP6) with

Each fragment was double

Nhel. For rP7, it was necessary to use an
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alternate double digestion with Bglll and Kpnl due to the downstream presence of an
Nhel diges~ion site to the 5' terminus of the rP7 fragment. Fragments rPl - rP6 possessed
primers that had incorporated restriction sites for 5' selective Nhe I digestion and 3'
selective Bglll digestion corresponding to the polylinker site on the pCAT vector. 500
nmoles of pUC57 carrier plasmid DNA with the ATlR promoter fragment was used in
each PCR reaction mixture with a final volume of 50 µl. The remainder of the reaction
mixture was 50 nmoles of each primer set (both forward and reverse), 25 µl of 2X PCR
reaction buffer (Roche), and nuclease free water. The PCR reactions were performed
according to the program settings shown in Table 1. Each reaction was run on a 2.0%
agarose gel to confirm the sizes of each amplicon [Fig. 8]. Once confirmed, 5 µl of each
reaction was added to a fresh microcentrifuge tube.
The amplicons for the validated PCR fragments were subjected to a doubledigestion with two restriction enzymes . 5 µl of each reaction, previously allocated, were
combined with 7 µl of nuclease free H20. To this mixture_was added 2 µl BSA (lOXPromega), 2 µL buffer B (Promega-determined 100% activity for Nhel and 75% activity
for Bglll), and 1.5 µl of Nhe I (2 U/µl) and 1.5 µl of Bglll. The solution was mixed by
gently and incubated at 37°C for 1 hour. The samples were immediately frozen at -80°C.
The restriction digestion for fragment rP7 was similar but required two steps due
to incompatibility of restriction buffers for the respective enzymes. A single restriction
digestion of 5 µl of the amplicon was performed with 9 µl H20, 2 µl BSA (lOXPromega), 2 µl buffer B (Promega) , and 2 µl Nhel at 37°C for 1 h . Following this, the
sample was ethanol precipitated with 500 µl of 100% ethanol, 30 µl of 10 mM
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PCR Program for Serial Promoter Fragment Amplification
Phase

Time

Temp

Cycle No.

DNA Denaturing and

2 min

50°C

1

Enzyme Activation

10 min

95°C

Denaturing

25 sec

95°C

Annealing

35 sec

55°C

Extension

60 sec (rp l-rp3) , 90 sec

72°C

35

(rP4-rP6), 120 sec (rP7)
Final Extension

5 min

72°C

1

Table 1: PCR amplification program for generation of serial fragments for insertion
into the pCAT basic vector. Annealing times were calculated and determined upon
primer generation of custom primers, and extension times (stage 2, step 3) were
determined based upon fragment length.
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Figure 8: Serial fragment visualization after PCR amplification. Ethidium bromide
agarose gel electrophoresis confirmed amplification of varied length product from
primers with variable sense and a single antisense primer. Products were amplified, run
on ethidium bromide gel, and visualized under UV illumination.
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ammonium acetate for 30 min at -80°C. The sample was spun at 16000 X g for 20 min
and washed once with 500 ul 70% ethanol. The sample was centrifuged at 10 min at
16000 X g.

The DNA was dried under vacuum centrifugation.

The pellet was

resuspended in 14 µl H20 and added to a reaction mixure containing 2 µl BSA (lOX), 2.0
uL buffer D (Promega - determined 100% activity for Kpnl) and 2 µl Kpnl enzyme
(U/µl). The sample was incubated at 37°C for 1 h. The samples were immediately frozen
at -80°C .
The pCAT basic vector plasmid DNA was prepared as described previously in the
large plasmid preparation section (Sec. 2.5). Vector DNA was double digested with either
Nhel and Bglll or Kpn I and Bglll as described above.

Fragments rP1-rP7 were

combined with a double digested pCAT vector with the same enzymes used in each
reaction, as the 5' overhangs matched in a specific orientation, avoiding reverse insertion
of the fragment into plasmid.
The double digested fragments for each reaction were run on a 2.0% Tris-Borate
EDTA (TBE) gel containing 0.01 % ethidium bromide at 65.0 V. Once separated and
aligned with the size standard for confirmation of fragment size on a UV transilluminator,
a section of the gel just in front (toward the cathode) of the fragment was removed with a
scalpel yielding a void in the gel roughly the width of a lane of the gel and about 0.5 cm
long. The void was filled with 0.6% low-melting agarose, solubilized in IX TBE buffer.
The gel solidified at 4°C for 20 min. The gel was replaced in the electrophoresis unit, and
run at 40 .0 V until the fragment reached the medium distance inside the low-melting
agarose gel, visualized under UV transillumination. The fragment was removed with a
scalpel into a microcentrifuge tube and

melted at 65°C. Exposure under UV was
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kept at a minimum to maintain sequence fidelity . The double digested linear pCAT basic
vector was also prepared in a similar fashion .
For in-gel ligation, 2 µl of vector DNA (melted gel) was added to 10 µl of
resuspended PCR DNAfragment in melted gel. To this 12 µl mixture was added 8 µl T4
DNA ligase buffer, 57 µl H20, and 3 µl enzyme DNA ligase. The reaction was mixed
and incubated overnight at l6°C. To transform competent E. coli, the overnight gel
ligation mixture was heated at 65°C for 5 min. 80 µl of chilled 2X TCM was added to
each mixture and mixed. 160 µl of freshly thawed competent cells were added to the
TCM/DNA mixture. The solution was incubated on ice for 1 h, heat shocked at 42°C for
3 min, and returned to the ice for 5 min. 500 µl of LB was added to each sample and
serially concentrated aliquots were spread over LB/amp agar plates. The cells were
allowed to grow overnight at 37°C. The colonies were screened for positive confirmation
of fragment inserts as described in Sec. 2.4. Initially, undigested plasmids were compared
against the molecular marker Lambda-HinDill to verify approximate size of the pCAT
vector with variable size fragments.
Once a suspected fragment was observed, two flanking primers (5' -AGCAAA
ATAGGCTGTCCCCAGT-3 '

&

5'-CAGTGCCTCACGACCAACTTCT-3') of the

multiple cloning site (MCS) were used to amplify the inserts from the pCAT vector
sequence. These primers remained unchanged for each reaction; the resultant amplicons
corresponding to each DNA insert were analyzed by ethidium bromide gel
electrophoresis [Fig 9]. The reactions were conducted as indicated in Table 2. The
specificity of these fragments were further confirmed by restriction mapping using four
restriction

enzymes

(EcoRI,

BamHI,
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fragment sizes are listed in Table 3, and the resultant restriction maps are shown [Figs.
10&11] Each restriction enzyme provided a specific restriction map for each insert to
confirm both the size and directional nature of the promoter construct. Once a clone
provided the necessary restriction map to confirm the correct DNA fragment in the pCAT
vector, plasmid DNA was prepared as described in Sec. 2.5. The DNA for each clone was
sent to Texas Tech Biotechnology Services Department, Lubbock TX for dideoxy
sequencing using the same flanking primers outside the MCS previously used for PCR.
All 7 clones were eventually confirmed to be identical in their respective fragments with
the GenBank sequence for the rat ATlR promoter.
3.15 Transient Transfection of Reporter Plasmids

Cells seeded in 6-well plates were grown to 60% confluence. Once reached, the
media was removed; the cells were washed once with warm PBS, and twice with warmed
Opti-MEM (Invitrogen) serum free media. Transfection reactions were assembled by
dissolving 3 µg reporter plasmid, 1.0 µg B-galactcisidase control plasmid, and 16 µl
PLUS reagent (lnvitrogen) in 500 µl of Opti-MEM. In an alternate container, 6 µl of
Lipofectamine LTX (lnvitrogen) was dissolved in 500 µl of Opti-MEM. The mixtures
were vortexed and briefly centrifuged. The Lipofectamine containing sample was then
added to the DNA sample giving a 1.0 ml reaction mixture. The 1.0 ml sample was
incubated at room temperature (22°C) for 20 min. The complexed DNA/Lipofectamine
mixture was then added dropwise to the washed cells previously prepared.

The

transfection. solution was removed 5 h after application. The cells were washed with
Opti-MEM twice and followed by application of 2.0 ml per well of treatment media.
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PCR Program for Serial Promoter Fragment Amplification
Phase

Time

Temp

Cycle No.

DNA Denaturing and

2min

50°C

Enzyme Activation

1

10 min

95°C

Denaturing

25 sec

95°C

Annealing

35 sec

55°C

Extension

120 sec

72°C

Final Extension

5 min

72°C

30
1

Table 2: PCR program for serial promoter fragment amplification. PCR
amplification program for confirmation of serial fragment inserts into the pCAT basic
vector. Annealing times were calculated and determined upon generation of custom
primers. Extension times were extended to 120 seconds regardless of product size.
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Figure 9: Fragment insert confirmation. Ethidium bromide visualization confirmed
insertion of varied length product from primers with variable sense and a single antisense
primer in pCAT basic vector. Products were amplified with primers with flanking the
MCS of the pCAT basic vector, run on ethidium bromide gel. These products were then
assessed for variable restriction mapping.
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Restriction Mapping of Serial Clones Based Upon Restriction Enzyme Used
Clone

Hindlll

Pvull

EcoRI

BarnHI

No Insert (A)

3804,223

4027

No Cut

rPl
rP2

4098, 223
4043,397,223

No Cut

rP3
rP4
rP5

4205,452 ,398,223
4775,452,398, 223
3961, 1519,452, 398,223

3705,616
4047,616
4661 , 616
5231,616
5936,616

5278
5848
5571,982

rP6
rP7

4244, 1519,452,398 ,223
4725, 1519,452, 398,223

6219,616
6700,616

5854,982
5032, 1302,982

4027
4321
4663
5278
5848
6553
6836
7316

Not Cut

Table 3: Restriction maps of variant clones using four enzymes. Hindlll offers greats
variability of fragment lengths based upon polymorphic sequence. Pvull digestion
confirms, upon generation of a 616 bp fragment, that the insert is in the correct
orientation. Upon reversal, the 616 bp fragment will be 300 bp shorter (not seen in gel).
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EcoRI

BamHI

Hindi II

HindIll

Pvull

Figure 10: Restriction mapping of clones rP1-rP6 for Hindlll, Pvull, BamHI, and
EcoRI. Ethidium bromide agarose gel electrophoresis of restriction digested purified
DNA from candidate clones. Two clones were selected from these candidates for rP3, but
the appropriate map led to the selection of rP3' as the appropriate insert for this insert.
EcoRI does not cut unaltered pCAT basic vector, rPl, or rP2 . Seen in the image is a dual
band displaying an uncut circular plasmid below a linear plasmid. In other words, two
bands does not necessarily mean restriction digestion.
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BamHI

Hindlll

EcoRI

Pvull

Figure 11: Restriction mapping of clone rP7 for all restriction enzymes. Ethidium
bromide agarose gel electrophoresis of restriction digested purified DNA from candidate
clones selected from flanking primer PCR amplification. All bands correspond with
proper insertion of the largest (rP7) fragment.
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3.16 Chloramphenicol Acetyl-Transferase Assay

The CAT assays were performed according to supplier instructions (lnvitrogen
F ASTCAT® Protocol).

Transfected cells were grown for 18 h in treatment media

following transfection. The control plates remained unaltered, but in the treatment plates
25 µM 13cRA was administered and the plates remained for a further 24 h. After 24 h,
cells were rinsed with phosphate-buffered saline (PBS) three times and harvested in the
same buffer. Cells were then centrifuged and the resultant pellet was resuspended in 100
µl of 0.25 M Tris-HCl, pH 7 .8 . Cellular extracts were prepared by freeze thaw cycling
from the -80°C freezer to the 37°C water bath for 4 cycles.

The cells were then

centrifuged (17 ,530 X g at 4°C) for 10 min. 30 µl of the supernatant was removed and Bgalactosidase activity was measured using a colorimetric assay according to the
previously published method (Wyse et al., 2000). The remaining supernatant was heated
at 70°C for IO min to inactivate endogenous acetylases and centrifuged further to remove
cell debris. The assay for CAT activity was performed as described in the FAST-CAT
protocol (Invitrogen). The green fluorescence was visualized under the VERSA-Doc
System at 504 nm absorbance and 510 nm emission. The acetylated chloramphenicol
was then measured by fluorescence densitometry and correlated to arbitrary ~
galactosidase activity units .
3.17 Electrophoretic Mobility Shift Assay

Mobility shift assays were performed as described previously (Wyse et al., 2000).
A double-stranded Spl consensus sequence with a 5' overhang was generated by
Integrated DNA Technologies and was provided as a premade duplex (5'-TGGG
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GCGGGGCGG3')/(3'ACCCCGCCCCGCCCC-5'). The double-stranded Spl response
element was labeled by filling the overhang with DNA polymerase Kienow in the
presence of [32P]dGTP. The labeled probe was purified using a Sephadex G-25 column.
Nuclear extracts were preincubated with 2 µg of poly-dldC in a total volume of 20 ul of
binding buffer comprised of 0.1 M Tris-HCl, 50% glycerol, 0.2 M KCl, 0.5 M EDTA,
and 1.0 M DTI at 22°C for 20 min. In addition, the reaction mixture was supplemented
with either proteinase K, or varying concentrations (0-200 fold excess) of doublestranded, unlabeled SplRE. Then, the labeled probe (300,000 cpm) was added and the
reaction mixture further incubated for 30 min at 22°C. Complexes were separated on a
6% native polyacrylamide gel containing 0.5X Tris borate-EDTA buffer (25 mM Tris, 25
mM boric acid, and 0.5 mM EDTA). The gels were run at 240 V at 4°C, dried, and

exposed to Kodak XR-film at -70°C with intensifying screens.
3.18 Co-Immunoprecipitation
Nuclear extracts were prepared as mentioned above from 100 mm plates of 90100% confluent culture plates. Protein content was detennined by Bio-Rad DC protein
assay system, and equivalent portions of 150 µg were aliquoted for each reaction group.
A minimum of nuclear extract buffer from NE-PER solutions was used, in order to
introduce a minimum interference in the antibody-PAS reactions; to 25 µl of nuclear
extract buffer, the sample was further diluted to 150 µl in reaction buffer (150 mM NaCl,
10 mM HEPES, pH 7.5, 0.2% NP-40, 5 mM sodium fluoride, 5 mM sodium
pyrophosphate, 2 mM sodium orthovanadate, 10 mg/L aprotinin, 10 mg/L leupeptin, and
1 mM phenylmethyl-sulfonyl fluoride). Protein A/G Sepharose [PAGS] (Cell Signaling,
USA) was washed with reaction buffer and

samples were precleared by
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incubation with 50% PAGS. After centrifugation, the precleared lysate was suspended
with 4 µg of capture antibody (either anti-Egr-1 [Cell Signaling, USA] or anti-Sp 1 [Santa
Cruz, USA]) and incubated with gentle rocking for 90 minutes at 4°C. 50 µl of washed
50% PAGS was added to the reaction and incubated for a further 90 min at 4°C with
gentle rocking. The PAGS was separated by brief centrifugation, and washed with 500
µl of cold wash buffer (150 mM NaCl, 10 mM HEPES, pH 7.5, and 0.2% Nonidet P-40)
three times. A final wash with 500 µl of 50 mM HEPES , pH 7.5 was performed, and the
supernatant was removed as completely as possible from the PAGS beads.

The

proteins/antibody complexes bound to sepharose were eluted by addition of 25 µl of
reducing 2X SDS sample buffer (120 mM Tris-HCl, pH 6.8, 3.3% SOS, 10% glycerol, 40
µg/ml bromphenol blue, and 200 mM dithiothreitol) and incubation at 100°C in a tightly
capped tube for 5 min. The PAGS was pelleted by centrifugation (14,000 X g 5 min, RT)
and 20 µl of the supernatant was transferred to a clean tube. This sample was then loaded
into a SDS-PAGE gel for western analysis, for either anti-Egrl or Anti-Spl, as dictated
by the capture antibody employed before.
3.19 siRNA Transfection

Cells were plated in either 6-well (25 mm) plates or 100 mm plates and grown to
60% confluence. The cells remained in growth media. Transfection mixtures were
prepared as follows for the 100 mm plates: 50 pmoles of each interfering RNA
suspensions combined (a total of 150 pmoles for the three siRNA molecules provided
(Egrl KO oligos -

5'-CAACGACAGCAGUCCCAUUtt-3', 5'-GCAUACCAAAA

UCCACUUAtt-3' , 5'-CAACAACAGGGAGACCUGAtt-3 '/ Spl KO oligos - 5'-GGG
5'CCAAGGAUGCGGCAAAGUAtt-3',

UCUGAUUCUCUAAACAtt-3' ,
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5'-GAGUAAUGCCUAAUAUUCAtt-3').

These RNAs were diluted in Opti-MEM

serum free media (150 pmoles/1 ml) . In an additional tube, 30 µl of Lipofectamine
RNAiMAX was diluted in 1.0 ml of Opti-MEM. The diluted lipofectamine was added to
the RNA containing Opti-MEM solution.

The 2.0 ml of transfection complexation

mixture was incubated for 20 min at 22°C. At the end of this incubation, the complexed
lipofectamine/RNA was added dropwise to the 100 mM plates containing 10 ml of
growth media. The plates were allowed to grow an additional 24 h, when the growth
media was replaced with treatment media, and either ATlR, Egr-1, or Spl expression
was assessed by previously mentioned methods.
3.21 Data Analysis

Results are presented as mean ± S .E.M and the value of P<O .05 was considered
statistically significant. Values are normalized to milligrams of protein determined by
Bio-Rad DC protein assay system based on the Bradford method (Bradford 1976). Data
were analyzed using the GraphPad Prism® software and the binding constants were
determined as described previously (Swillens 1992).

Statistical analyses include

parametric and non-parametric t-tests, ANOVA, with additional Bonferroni post-hoc
testing.
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Chapter 4
RESULTS
4.1 13cRA Reduces Angiotensin Type 1 Receptor Density

In this study to determine the effects of 13cRA on ATlR expression, I used a
continuously passaged rat liver epithelial cell natively expressing the ATlR. Because the
hypothesis of this study is 13cRA mediated down-regulation, it is critical to have a cell
which expresses high ATlR expression. Low receptor-expressing cells, such as VSMCs
and PTECs are useful in the studies investigating up-regulation of the receptor. Based on
the literature, this liver epithelial cell is the highest natural expressor of the ATlR
(Thekkumkara and Linas 2003) . Considering the relevance for Angil's physiological and
pathological roles in liver tissue, this cell line is an ideal candidate for these studies.
Investigations have shown that receptor binding studies using tritiated Angil in the
presence of the ATlR antagonist losartan displaces 80.61±11.02% (p<0.0001) of the
specific binding determined by cold Angil 10-6 M, indicating that these cells
predominantly express the ATlR [Fig. 12]. Upon completion of 24 hour treatment with
25 µM 13cRA, there was marked reduction in ATlR binding (55.25±8.84%, p<0.0001).
However, upon full blockade of the ATlR with losartan in the 13cRA treated cells the
remainder of the binding was equivalent with the control losartan treated group. This
suggests that the observed reduction in Angil binding by 13cRA is a specific reduction of
the binding of Angil to the ATlR [Fig. 12]. To determine the specificity of this effect, I
performed dose response and time course studies. The dose response study from 1 to 150
µM shows a dose-dependent inhibition [Fig. 13]. For my future studies, I chose 25 µM
showed 53.0±6.5% (p<0.0001) down-

concentration for 24 hours as it reliably
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Figure 12: 13cRA inhibits ATlR specific binding in WB cells. Radio-ligand binding
assay after 24 h 25 µM 13cRA (RA) treatment and losartan (Los) blockade. Cells were
exposed to l 3cRA (25 µM) for 24 h and [3H]Angll binding measured in the presence or
absence of losartan (an ATIR specific antagonist). Data are expressed as mean± SEM
(n=8-10). ***p<0.0001 versus untreated control.
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Figure 13: 13cRA mediated ATIR inhibitory effect is dose dependent. Radio-ligand
binding assay after variable concentrations (1-150 µM) of 13cRA treatment for 24 h.
13cRA demonstrates IC50 , being a concentration at which 50% of Angil binding is
eliminated, at 25 µM. Data are expressed as mean ± SEM (n=9). ***p<0.0001 versus
untreated control.
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regulation with no cytotoxicity [determined by Hoescht staining; data not shown].
Furthermore, the study using 25 µM concentration shows a time dependent inhibitory
effect up to 24 hours (reduction of 43.49±3.814%, p<0.0001 at 24 hours) [Fig. 14] . The
above studies indicate 13cRA is capable of reducing AngII binding specifically to the
AT 1R in a dose and time-dependent manner.
However, the binding studies cannot fully rule out a change in receptor density
because of the potential that Angll binding to the receptor can be altered due to change in
the receptor affinity; this may be caused by alternative G-protein coupling which leads to
the ATlR to be in a low affinity state. Therefore, I performed competition-binding
studies to determine the affinity of the receptor in untreated cells and 13cRA treated cells
[Fig. 15A]. Calculated Kd in untreated cells was 3.28±0.66 nM with a Bmax of 2.62
pmol/mg protein. These receptors are in the high affinity state, which is consistent with
the previous literature (Thekkumkara and Linas 2003). 13cRA treated cells' Kd was
2.97±0.82 nM with a Bmax of 1.67 pmol/mg protein [Fig. 15B], after which the Kd values
were compared for statistical difference, and the results indicated that there was no
significant change in the Kd after 13cRA treatment, . However, the receptor density was
reduced in 13cRA treated cells 35.6±3.1 %, p<0.0001. These findings suggest that the
observed reduction in Angll binding is due to the reduction of cell surface receptors
expressed in the plasma membrane.
In order to validate the reduction m surface expression, immunofluorescent
studies were performed. Using a rabbit polyclonal antibody raised against the N-terminus
of the ATIR (Santa-Cruz, SC-1173) and later probed with an anti-rabbit Alexa-Fluor®
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Figure 14: 13cRA mediated ATlR inhibitory effect is time dependent. Radio-ligand
binding assay after exposure to 25 µM 13cRA for variable treatment times as indicated.
13cRA inhibits ATIR binding

~45 %

within 8 hours and remains inhibited for the

remainder of time-points. Data are expressed as mean± SEM (n=9). ***p<0 .0001 versus
untreated control.
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Figure 15: Competition binding studies reveal no change in receptor affinity after
13cRA treatment. Radio-ligand binding competition studies performed on untreated
cells (A) and cells treated with 25 µM 13cRA for 24 hours (B). Nonlinear least squares
regression analysis gave a Kd of 3.28 nM with a

Bmax

of 2.62 pmol/mg protein for

receptors in cells exposed to normal medium and a Kd of 2.97 nM with a
pmol/mg protein for receptors in cells exposed to 13cRA (n=9) .
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488 conjugated secondary antibody (Invitrogen, Al1034), the result shows significant
cell surface expression in the untreated cells compared to 13cRA treated cells [Fig. 16].
There is distinct staining at the plasma membrane well separated from the blue-stained
nuclei providing further confirmation that the receptor density is indeed being reduced as
indicated by [3H]Angll binding assays.
4.2 ATlR Mediated Intracellular Signaling Reduced After 13cRA Treatment

In order to determine if the apparent reduction in receptor expression on cell
surface may translate into effective disruption of Angil mediated cellular signaling, I
conducted fluorescent calcium imaging studies. These analyses were conducted by both
fluorescent imaging and an ELISAIFLIPR quantitation method. The results from the
fluorescent image indicate that the maximum level of Angil induced Ca2+ released in
untreated cells was considerably higher, based upon fluorescent intensity at 510 nm
wavelength, than in cells after treatment with 25 µM 13cRA for 24 hours [Fig. 17]. The
ELISAIFLIPR assay using the algorithm shown in materials and methods yielded a
mobilized Ca2+ concentration in the untreated cells of 554±56.62 nM, while the 13cRA
treated cells mobilized Ca2+ concentration was 159±5.21 nM (a reduction of
71.24±10.26%, p=0.0023) [Fig. 18] . The observed reduction in ELISA readings was
consistent with my findings in fluorescence imaging for individual cell response. In
summary, studies performed thus far show significant reduction in expression of ATlR
on the cell surface with no change in receptor affinity and a coinciding reduction in
receptor mediated cellular signaling .
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Untreated Control

Figure 16: Immunofluorescent study shows the ATlR down-regulated in cells
exposed to 13cRA. Immunofluorescent staining using primary rabbit anti-ATlR IgG
followed by secondary anti-rabbit IgG conjugated with Alexa Fluor 488 . Nuclei stained
with 4' ,6-diamidino-2-phenylindole (DAPI). (Left) Native ATlR in WB cells with no
13cRA exposure. (Right) ATlR expression after treatment with 25µM 13cRA for 24 h.
Representative image of 3 separate experiments.
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Control

13cRA

Angil(+)

Angil(-)

Figure 17: Fluorescent imaging shows 25 µM 13cRA (RA) exposure for 24 h
significantly inhibited Angil mediated increase in intracellular Ca2+, a G-protein
coupled response. Transient increase in free Ca2+ was measured with the Ca2+ indicator
fura 2-AM using fluorescent imaging microscopy before and after AngII stimulation (10-

7

M), with or without 13cRA treatment. Ca2+ bound fura 2-AM emits green fluorescence.
Representative image of 3 separate experiments.
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Figure 18: Ca2+ FLIPR assay shows a significant reduction in fluorescent emission
after 25 µM 13cRA exposure for 24 h. Representative tracing of Angll mediated
transient increase in intracellular Ca2+ without (upper panel) and with (lower panel)
13cRA treatment. The tracings are representative of 3 separate experiments; an overall
reduction of 71.24± I 0 .26%.
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4313cRA Down-Regulates ATlR mRNA Expression
I extended these studies to further investigate the expression of ATlR mRNA. I
performed a dual-PCR reaction displaying a single band correlated to ATlR mRNA
expression. My findings show that after exposure to 25 µM 13cRA for 24 hours, there is
a reduction of 54.87±12.08% (p<0.001) in the level of ATlR mRNA compared to
untreated cells [Fig. 19]. To determine whether this reduction was due to transcriptional
repression, we estimated 13cRA mediated changes in ATlR mRNA half-life in the
presence of a transcriptional inhibitor, actinomycin D. Cells were pretreated with 5 µM
actinomycin D for 20 minutes, followed by exposure of 25 µM 13cRA in treated groups.
mRNA was extracted at two hour intervals, and dual-PCR was performed as described in
the chapter 3. The half-lives were calculated to be 7.04±0.179 hours for untreated cells
and 7.13±0.054 hours for treated cells demonstrating no significant difference, further
supporting that the reduction in ATlR mRNA is mediated at the transcriptional level
[Fig. 20]. Alternatively, we treated the cells with actinomycin D following a sixteen-hour
pre-incubation in 13cRA treated groups. The data was consistent with our findings from
the previous actinomycin D study [Fig. 21]. These studies indicate that 13cRA causes a
significant reduction in the expression of ATlR mRNA without affecting the rate of
mRNA degradation, suggesting that there is 13cRA mediated transcriptional repression
leading to down-regulation of ATlR protein.

4.4 13cRA Down-Regulates ATlR Expression Through MAP Kinase p42/p44
Activation
Previous studies have shown that retinoic acid is capable of activating MAP
Kinase

p42/p44

involved

m

cellular
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Figure 19: 13cRA inhibits ATlR mRNA expression. (A) Representative image of
ethidium bromide gel of a dual RT-PCR reaction using ATlR/actin specific primers to
determine the effects of 13cRA(RA) on ATIR mRNA in WB cells. Lane 2 and 3 are
PCR reactions lacking reverse-transcriptase showing RNA specificity. Bands detected are
at 289 and 206 bp for p-actin and ATIR mRNAs respectively. (B) Quantitation of
multiple analyses of ATI R expression were normalized to P-actin and data are expressed
as mean± SEM, n=3. ***p<0.0001 compared to untreated control.
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Figure 20: 13cRA does not change the rate of mRNA degradation.

(A)

Representative dual-PCR ethidium bromide gel of actinomycin D exposed cells that were
treated with (lower) or without (upper) 25 µM 13cRA for indicated times. Bands were
captured and quantified using Bio-Rad Quantity One® software. ATlR bands are
normalized to B-actin control. Bands detected are at 289 and 206 bp for B-actin and
ATlR mRNAs respectively. (B) mRNA half-lives were calculated using linear regression
analysis (n=3).
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Figure 21: Pretreatment with 13cRA does not change the rate of mRNA
degradation.

Ethidium bromide agarose gel electrophoresis band density data to
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half-lives were calculated using linear regression analysis (n=3) .
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I determined the role of 13cRA on MAP Kinase p42/p44 and ATIR down-regulation. 24
hour treatment with 25 uM 13cRA induced MAP Kinase p42/p44 phosphorylation
without a change in the total protein [Fig. 22]. This 13cRA mediated increase in MAP
Kinase p42/p44 phosphorylation was completely inhibited by MEK inhibitor PD98059
(20 µM) . To determine the effect of MEK inhibition on the 13cRA mediated downregulation of ATIR mRNA expression and cell-surface binding, studies were performed
incorporating PD98059. Dual-PCR analysis shows the mRNA to be restored to control
levels (mean difference increased 12.33%, p>0.05) when treated with both PD98059 and
13cRA [Fig. 23) . Under similar conditions, binding data showed that there was little to no
effect by 13cRA on binding of [3H]Angll when MEK signaling was inhibited in the
presence of PD98059 (reduction in binding from PD control 12.7%±6.78, p=0.089) [Fig.
24]. Similarly, FLIPR calcium imaging showed significant restoration of Ca2+ signaling
by Angil stimulation when co-treated with PD98059 and 13cRA (PD group Ca2+ nM
mobilized 442±42.6 vs. PD+13cRA group Ca2+ nM mobilized 389±62.0, p=0.5140) {Fig.
25) . Combining the results of receptor binding, mRNA, and calcium mobilization studied
in the presence of the PD98059, my study shows that 13cRA mediated down-regulation
is MAP Kinase p42/p44 dependent. As a supplement to my MAP kinase data, I
performed trichostatin A studies based upon previous observations in our laboratory's
glucose studies. I found that binding was characteristically reduced 46.6±4.37%
(p<0.0001) when exposed to 25 uM 13cRA for 24 hours, but upon pretreatment with
trichostatin A, a histone deacetylase inhibitor, the binding was restored to control levels
(p=0.5738, no significant difference) [Fig. 26). From this, I concluded that the down-
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Total RNA was prepared from control, 13cRA(RA) treated, PD98059(PD) treated , and
l 3cRA+PD98059 treated cells as described in the methods section. Dual-PCR was
performed followed by Southern blot analysis using internal probes specific for ATIR
and
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mRNA. Intensity of the bands were captured and quantified using Bio-Rad

Quantity One® software. (A) Representative image of Southern blot. (B) Quantitation of
multiple analyses after ATIR expression was normalized to
as mean± SEM. ***p<0.0001 compared to control, n=8.
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Figure 25: Ca2+ FLIPR assay shows MEK inhibitor PD98059 restores intracellular
Cai+ release in 13cRA treated cells. Increase in intracellular Ca2+ was measured as
described in the methods section. Representative tracings of transient increase in
intracellular Ca2+ (A) in untreated control cells, (B) 13cRA treated cells, (C) PD98059
treated cells, and (D) PD98059+ 13cRA treated cells (n=3).
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regulation by 13cRA via MAP Kinase p42/p44 may involve the deacetylation of histones
for transcriptional repression. However, further studies are required to confirm this
observation.
4.5 13cRA Mediated Down-Regulation is Glucose and Insulin Independent

The WB cells used in this study are insulin sensitive and intake of glucose is
largely regulated through the insulin dependent GLUT4 transporter. My study shows
glucose uptake was significantly reduced (40.33±9.772%, p<0.0001) [Fig. 27A] in the
absence of insulin compared to insulin-exposed cells. Glucose has been known to both
activate MAP Kinase p42/p44 signaling and down-regulate the receptor (Park et al. 2002;
Thomas and Thekkumkara 2004; Wang et al. 2010). Therefore, I examined whether or
not glucose uptake was enhanced by 13cRA treatment. Glucose uptake assay shows that
there was no significant change in the quantity of glucose taken up by 13cRA treated
cells compared to untreated cells (mean difference 3.33±2.88%, p=0.3828) [Fig. 27A].
The response was unaffected by the withdrawal of insulin (mean difference 5.21±7.88%,
p=O .5135), indicating that 13cRA mediated down-regulation is insulin independent.
Furthermore, a binding study was performed to demonstrate the effect of insulin
deprivation on 13cRA' s down-regulatory function. While there was no effect among the
13cRA treated groups (mean difference 1.49±8.81 %, p=0.8669), there was a significant
increase in binding of 25.8±6.67% (p=0.0008) when control cells were deprived of
insulin [Fig. 27B] which is consistent but inversely related with our lab's previous studies
showing that increases in intracellular glucose concentrations result in decreased
expression of the ATlR. These studies show that 13cRA can mediate the downregulation of ATlR independently of
96

insulin induced glucose uptake. Though no

Texas Tech University Health Sciences Center, Russell Odell Snyder, August 2011

A

•

200

***

•

•

(I)

.:.:

B

•

***

***

•

1200

•

*

l9 C-150

a. ·-

:::i

(I)

E

LO

(/)~

8

~1 00

::::i --

c;,o
, E
Q. a.

I ~
~

50

&
~

cP

~

«-~

~v..'(:-

":>v

"

~o
0(:-

CJ

;..

~

;..

,..~

,/'t-::

v..'(:-

c;o~

«-~

":>v

,..~

-::
~'!'"

-.,0

'

. .t
/'t
vo

;..

. .t
~'!'"

;..

-.,0

'

"

Figure 27: 13cRA treatment caused no significant increase in glucose uptake;
insulin withdrawal had no effect on 13cRA mediated down-regulation of ATlR. (A)
Cells were exposed to 25 µM 13cRA (RA) for 24 h with or without insulin (Ins) [5 .4
µg/ml] followed by 15 min [3H]D-glucose uptake assay . Data was calculated and
expressed as picomoles of labeled glucose taken up per mg of protein per 15 min.
Untreated control with insulin compared to untreated control without insulin shows
reduction in glucose uptake of 40.33±9.772%, ***p<0.0001. (B) Radio-ligand binding
assay after 24 h 25 µM 13cRA in presence or absence of insulin. Data are expressed as
mean± SEM. *p<0.05 and ***p<0.0001 compared to untreated control (n=3).
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alteration in insulin sensitivity or glucose uptake was observed, I conducted a [3H]Angll
binding study to assess whether PP ARy played any role in 13cRA mediated downregulation of ATIR [Fig. 28] . The results indicate that when a the cells were exposed to 1
µM of the PPARy agonist 15-deoxy-A12,14-prostaglandin J2 (PGJ2) , the binding was
significantly reduced by 35.3±10.6% (p=0.0075) which was consistent with studies
stating that PPARy activation results in a reduction in ATlR expression (Takeda et al.
2000). This effect was effectively reversed by the addition of 1 µM of the PPARy
antagonist GW9662 to PGJ2 treated cells (p=0.0682, no significant difference). However,
PP ARy antagonism failed to reverse 13cRA mediated down-regulation in either 13cRA
and GW9662 treated cells (reduction of 52.3±9.38%, p=0.0002) or in cells with
simultaneous exposure to 13cRA, GW9662 , and PGJ2 (reduction of 64.3±9.51 %,
p<0.0001). From this I concluded that PPARy played no significant role in 13cRA
mediated down-regulation of ATlR in these cells.

4.6 Measurement of ATlR Transcription
In prior studies, my investigations showed that exposure to 13cRA reduced the
expression of the rat ATlR protein via transcriptional down-regulation. To further
investigate the cis acting factors of the ATlR promoter and the trans acting factors
involved in the transcriptional repression of the ATlR, I investigated the involvement of
the -3276 to +45-base pair promoter sequence in the regulation of the rat ATlR gene
transcription. Functional analysis of the rat ATIR gene transcriptional regulator unit was
performed using a reporter gene assay , which relies on the linkage of putative regulatory
sequences to a reporter chloramphenicol acetyl trans/erase (CAT) gene, whose
into WB cells. To determine specific

transcription is detected after transfection
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regions of activity, serial deletions were constructed and placed upstream of the CAT
reporter gene in order to differentiate relative activity. These serially deleted promoter
fragment containing reporter gene constructs were transiently transfected into WB cells
and were then treated with 25 µM 13cRA for 24 hours. Each group was compared
parallel to a control group transfected with the same fragment construct but not treated
with 13cRA, thereby accounting for any variable activity not due to the 13cRA treatment,
as this gene may be affected by any number of different factors when the promoter is
truncated not related to our pharmacological treatment (Thomas and Thekkumkara 2004).
Activity relative to control was not significantly different in groups rP4 (-1791 bpp>0.05) through rPl (-265 bp-p>0.05). However, the CAT activity was significantly
suppressed in retinoic acid treated cells expressing the pCAT-rP5 (-2516 bp,
61.1±5 .641% repression of activity, p<0.001) through pCAT-rP7

(-3276 bp,

62.26±5.748% repression of activity, p<0.001), indicating the presence of a repressor
element between -2516 and -1791 bp [Fig. 29] . Though this distance is considerable, the
number of consensus binding sites to characteristic response elements are very sparse in
this region. Upon review of the promoter sequence with genomic analysis software
(MacVector 12.0), there was only a single true match for a putative response element
consensus site in this region . This exact match was a double-overlap Spl consensus
element (5'-TGGGGCGGGGCGGGG-3'). This led to my further investigation of Spl 's
involvement in the retinoic acid induced down-regulation of ATlR.

4.7 Role of Distal Spl Response Element in 13cRA Treated Rat Liver Epithelial
Cells
Spl response element shows any activity

To determine whether this distal
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upon 13cRA exposure, I performed a series of gel shift assay experiments with nuclear
extracts of 13cRA exposed WB cells by using the [32P]labeled Spl response element as a
probe [Fig. 30] . Gel shift assays showed a distinct mobility shift of the labeled probe
(indicated by arrow) with the nuclear extracts which was significantly reduced abolished
after pretreatment of the extracts with proteinase K, indicating the formation of a proteinDNA complex in untreated cells. This complex formation was significantly reduced upon
the addition of retinoic acid [Fig 30A] . The protein-DNA binding was specific for
nuclear factor(s) as evidenced by observed lack of mobility shift with the cytoplasmic
extract. To further demonstrate the identity of the protein involved in this case was Sp 1,
the nuclear extracts were prepared in another group after pre-treatment with mithramycin
A, a nuclear factor inhibitor when used in conjunction with the consensus sequence
prepared in the probe allowed positive support of Spl as the binding protein of this
element. When the nuclear extracts from mithramycin A treated cells were added to the
probe, the binding of the protein to the labeled DNA was dramatically reduced
(85.31±4.44%, **p<0.01) [Fig 30B]. The presence of increasing concentrations (0-200X)
of unlabeled Spl response element probe progressively inhibited the appearance of
labeled DNA-protein complex, demonstrating the specificity of the nuclear protein(s)
binding to SplRE DNA [Fig. 31]. At 25X concentration we observed complete
competition of the labeled probe which shows a high specificity of the binding activity.
Western blot analysis revealed that Spl expression was unaffected by the treatment with
13cRA in these cells [Fig. 32]. Therefore, we hypothesized that 13cRA was interfering
with Spl 's binding ability to interact with the ATlR promoter, possibly via production of
another protein.
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Figure 30: Identification of specific protein binding activity in WB nuclear extracts
to the Spl Response Element (SplRE). To identify protein binding to SplRE in 13cRA
exposed WB nuclear extracts, mobility shift assays were performed. [32P]-Labeled Sp IRE
probe was incubated with 10 µg of nuclear or cytosolic extracts. Samples were analyzed
on 6% nondenaturing polyacrylamide gels and visualized by autoradiography. (A)
Labeled probe in the absence of nuclear or cytosolic extract (lane 1), in the presence of
untreated nuclear extracts (lane 2), in the presence of 25 µM I h 13cRA exposed nuclear
extracts (lane 3), in untreated cells in the presence of proteinase k (lane 4), in 25 µM
exposed cells in the presence of proteinase k (lane 5), and in the presence of untreated
cytosolic extract (lane 6). (B) Labeled probe in the absence of nuclear extract (lane 1), in
the presence of untreated nuclear extract (lane 2), in the presence of mithramycin A
treated nuclear extract (lane 3), in the presence of untreated nuclear extract (lane 4), and
in the presence of 25 µM l 3cRA treated nuclear extract for 1 h (lane 5). The position of
the protein-DNA complex is indicated by the upper arrow (n=4).
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Figure 31: SplRE binding activity is specific. Mobility shift assay performed using
labeled Sp IRE in the presence of untreated nuclear extracts and increasing concentrations
of unlabeled SplRE probe as indicated. The position of the protein-DNA complex is
indicated by the upper arrow (n=4).
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Figure 32: 13cRA has no effect on Spl expression. Western blot analysis shows no
significant change in Spl protein concentration upon exposure with 25 uM l3cRA. 25
uM 13cRA applied for indicated times, and bands correlated to B-actin density. All
density values are p>0.05 relative to control (n=3) .
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4.8 A Mechanism for 13cRA Mediated Repression of Spl Binding Activity

From previous studies, we had already confirmed that the phosphorylation of
MAP Kinase p42/p44 was essential for the down-regulation of the ATlR protein.
However, in order to initiate an early response observed in our 1 hour pretreatment
portrayed in the EMSA, it was necessary to conduct a short-term time-course to
determine how early MAP Kinase activation occurred.

MAP Kinase p42/p44 was

maximally phosphorylated (activated) within 5 minutes, followed by a progressive
dephosphorylation (deactivation) for the remainder of the 60 minute study [Fig 33A] .
Immunofluorescent microscopy studies showed that the activated MAP Kinase was
primarily translocated from the cytosol to the nucleus [Fig. 33B] .
After determining the time course of early MAP Kinase activation, it was
important to establish the link between MAP Kinase p42/p44 activation and Spl binding
disruption . Based on the literature, a potential candidate was early growth response
protein 1 (Egr-1). Egr-1 expression has been shown to be up-regulated upon MAP
Kinase p42/p44 activation. In addition, Egr-1 has been associated with disruption of Spl
binding ability with gene promoters, including response elements found in the ATlR
promoter (Hsu et al. 2009) . Based on the lack of expression of Egr-1 of CXCR3 knockout
mice, the authors suggested a possible involvement of Egr-1 and Spl in the
transcriptional regulation of ATlR. These conclusions were based upon a previous study
showing that Spl activity plays a major role in ATlR gene transcription (Elton and
Martin 2006). Therefore, my next objective was to determine whether or not Egr-1
expression was up-regulated in our 13cRA exposed WB cells. A 4-hour time-course
Western blot analysis using a specific antibody aginast Egr-1 showed a dramatic increase
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Figure 33: 13cRA mediated MAPK activation and translocation. MAPK p42/p44 is

activated within 5 minutes of application of 13cRA. Phosphorylated MAP Kinase is
concentrated in the cell nucleus. (A) Western blot displaying 1 hour time-course of MAP
Kinase p42/p44 activation following exposure to 13cRA. Phospho-MAP Kinase bands
(upper) were correlated with total MAPK (lower}, n=3. (B) Immunofluorescent labeled
anti-phospho MAPK. Nuclei stained with 4'6-diamidino-2-phenylindole (DAPI), n=3.
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in Egr-1 expression in l 3cRA treated cells, reaching maximum response at 40-60 minutes
and proceeding to decline for the remainder of the time points [Fig. 34A]. Egr-1 is a
resident nuclear protein and early response gene, but in order to validate my Western blot
data , I conducted a 20 minute time-course immunofluorescent microscopy study . The
results of this study demonstrate that Egr-1 protein is up-regulated in l 3cRA treated cells,
and the protein is localized primarily to the nucleus , as I had hypothesized [Fig. 34B].
Egr-1 up-regulation was rapid and significant; however, I had not yet proven that this upregulation was due to MAP Kinase activation. A Western blot analysis in which cells
were pretreated with the MEK inhibitor PD98059 revealed that if MEK and subsequent
phosphorylated MAP Kinase p42/p44 were inhibited, no .increase in Egr-1 production
occurred [Fig. 35A]. In order to determine whether this up-regulation was due to de novo
synthesis, I performed the next study in which cells were pretreated with the protein
synthesis inhibitor cycloheximide. This Western blot analysis revealed that no Egr-1
protein up-regulation occurred if cells were pretreated with cycloheximide, and thus the
Egr-1 up-regulation was due to de novo protein synthesis [Fig. 35B]. To correlate the upregulation of Egr-1 protein with increased mRNA transcription, I performed qPCR
analysis using total RNA isolated from cells treated with 13cRA at different time points.
qPCR results revealed that Egr-1 mRNA was up-regulated 403±57 .8% at 20 min, which
further supported my observation that 13cRA mediated increase in Egr-1 protein starts at
the gene transcriptional level [Fig. 36] . After correlation with MAP Kinase activation, the
next objective in my study was to establish Egr-1 interaction with Spl protein as
described previously (Srivastava et al. 1998). I conducted a co-immunoprecipitation
study in which antibodies targeting either Spl or Egr-1 in the nuclei of 13cRA exposed
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Figure 34: 13cRA induces Egr-1 expression in WB cells. (Panel A) Western blot
analysis displaying 4 hour time-course following exposure to 13cRA, n=3. (Panel B)
Immunofluorescent microscopy displaying 1 hour time-course with fluorescent labeled
anti-Egr-1. Nuclei stained with 4'6'-diamidino-2-phenylindole (DAPI), n=3.
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Figure 35: EGRl requires de novo protein synthesis which is MAPK p42/p44
dependent. (A) Western blot showing blockade of EGRI protein production by retinoic
acid when pretreated with MEK inhibitor PD98059. 13cRA treatment time 60 min, n=3 .
(B) Western blot showing blockade of EGRI protein production by retinoic acid when
pretreated with cycloheximide. 13cRA treatment time 60 min, n=3 .
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Figure 36: Egr-1 increases in protein are correlated to increases in Egr-1 mRNA.
(A) Real-time PCR time course monitoring production of mRNA transcripts
corresponding to Egr- 1 mRNA. (B) Representative gel following ethidium bromide gel
electrophoresis of PCR product. Data are expressed as mean± SD, n=3. ***p<0.0001.
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cells were immunoprecipitated and targeted with the corresponding detection antibody by
Western blot analysis. The results of this study demonstrate that there is significant
interaction between Egr-1 and Spl in l3cRA treated cells [Fig. 37). In Egr-1 Western
blot analysis , some interaction is observed in untreated cells; however, this interaction is
518±67% stronger in l3cRA treated cells. From this study, I concluded that there was in
fact an increased protein-protein interaction occurring between Egr-1 and Sp 1.
4.9 Role of Spl in basal transcription and Egr-l's Essential Role in 13cRA Mediated
ATlR Down-Regulation
The previous studies established that l 3cRA mediated down-regulation of the
ATlR involves activation of MAP Kinase p42/p44; additionally, the studies
demonstrated that Spl binding is affected on distal response elements, MAP Kinase
activates the transcription and production of Egr-1, and that Egr-1 and Sp 1 interact in a
protein-protein complex detectable by co-immunoprecipitation. However, the studies did
not demonstrate that Egr-1 is involved directly with the down-regulation of ATIR. In
order to determine whether Egr-1 is integral to MAP Kinase mediated ATlR downregulation, I performed siRNA analyses to determine Egr-1 knockdown's effect on ATlR
mRNA transcription and [3H]AngII binding in the presence of 13cRA. The efficiency of
the siRNA knockdown first had to be determined by Western blot analysis. The Egr-1
expression was significantly reduced compared both to untreated or scrambled siRNA
when transfected with Egr-1 specific siRNA, and the siRNA transfected cells showed no
significant increase in Egr-1 expression when exposed to 25 µM 13cRA for 24 hours
[Fig. 38A]. Immunofluorescence studies targeting Egr-1 indicate that expression of the
nuclear resident Egr-1 is down-regulated in siRNA transfected cells, with no detectable
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Figure 37: Co-immunoprecipitation reveals complex formation of Spl and Egr-1
protein. Cells treated for 60 min with 13cRA and nuclear extracts prepared as described
in chapter 3 . (A) Anti-Spl SOS-PAGE resolution of treated and untreated nuclear
proteins immunoprecipitated with anti-Egr-1 monoclonal antibody. (B) Anti-Egr-1 SDSPAGE resolution of treated and untreated nuclear proteins immunoprecipitated with antiSp 1 polyclonal antibody, n=3 .

113

Texas Tech University Health Sciences Center, Russell Odell Snyder, August 2011

Ctrl

A

13cRA

Ctrl
(-)siRNA

Ctrl
...13cRA
(-)siRNA Egr-1 siRNA

13cRA
Egr-1 siRNA

Egr-1

~-Actin

B
DAPI

AlexaFluor 488
(Anti-Egr-1)

Overlay

Control

13cRA

Egr-1 KO

13cRA+Egr- 1 KO

Figure 38: Egr-1 expression is efficiently reduced by siRNA transfection. (A)
Western blot analysis displaying sufficient Egr-1 silencing by siRNA targeted for Egr-1,
even after 1 h 13cRA treatment, n=3

(B) Immunofluorescent microscopy revealing

significantly lower expression of Egr-1 in siRNA transfected WB cells. Cells were
stained with both DAPI and fluorescent labled secondary antibody directed against Egr-1 .
The images were captured at different wavelengths for respective fluorescent markers,
and the channels were overlaid to combine the two signals, n=3 . "(-) siRNA indicates
cells transfected with negative control scrambled siRNA.
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increase in expression upon exposure with 13cRA [Fig. 38B] . Next, I examined the effect
of Egr-1 siRNA transfection on 13cRA mediated ATlR mRNA expression. ATlR
mRNA expression studies using dual-PCR amplification specific to B-actin and ATlR
mRNA display no reduction in siRNA transfected cells when treated with 13cRA [Fig.
39] . Under similar conditions, I then determined the receptor density. [3H]Angll binding
studies display a complete restoration in Angll binding in Egr-1 siRNA transfected and
25 µM exposed WB cells [Fig. 40). Upon completion of this study, I determined that Egr1 expression was essential for 13cRA mediated down-regulation of the ATIR.
In order to determine Spl 's control of ATlR expression, similar siRNA
experiments were performed specific to Sp 1. In order to ascertain the efficiency of these
transfections, Western blot analysis was performed. Western blot analyses targeting Spl
expression show significant knockdown of Sp 1 expression in cells transfected with Sp 1specific siRNA compared to both scrambled negative control siRNA and untransfected
cells [Fig. 41). ATlR mRNA expression studies utilizing dual-PCR amplification
indicate that upon knockdown of Spl expression the mRNA transcription down-regulates
both in untreated control cells (84.5±2.3%) and cells exposed to 25 µM 13cRA for 24
hours (84.9±3 .1%) [Fig. 42). Furthermore, [3H]AngII binding studies indicate that
receptor density is reduced 91.6±2.4% in cells transfected with Spl-specific siRNA [Fig.
43]. Angil binding among the untreated control and 13cRA exposed cells were not
significantly different. From my siRNA studies I concluded that Spl is a key regulator in
the basal transcription of ATlR and Egr-1 is an essential mediator in 13cRA mediated
ATlR down-regulation. The study further shows that the previously observed Egr-1/Spl
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coupling is critical for the disruption in Sp 1 binding observed in 13cRA treated cells seen
in the EMSA.
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Figure 39: ATlR mRNA expression restored after Egr-1 knock-down. mRNA
transcription significantly reduced after 24 h 13cRA treatment. Dual-PCR performed
targeting

~-actin

and ATlR mRNA and visualized on ethidium bromide gel. Quantitation

of multiple analyses of ATlR expression were normalized to P-actin and data are
expressed as mean± SEM, n=3. ***p<0.0001 compared to untreated control. "(-)Ctrl"
and "(-) 13cRA" indicate cells that are transfected with scrambled negative control
siRNA.
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Figure 40: Radio labeled ligand binding assay showing restoration of binding of
Angll to membrane receptors after Egr-1 knockdown. Radio-ligand binding assay
after 48 h siRNA transfection and 24 h 25 µM 13cRA. All data are expressed as mean±
SEM, n=3. ***p<O .0001. "(-)Ctrl" and "(-) 13cRA" indicate cells that are transfected with
scrambled negative control siRNA.
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Figure 41: Spl is effectively suppressed by siRNA transfection. (A) Western blot
analysis displaying sufficient Spl silencing by siRNA targeted for Spl. Gel separation
shows doublet of protein bands characteristic with polyclonal antibody SC59-X. The
membranes for this Western blot were divided among the smaller
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bands from Western blot. Treatment with 13cRA has no effect on level of expression of
Sp 1 (p>O .05) n=3. "(-)Ctrl" and "(-) 13cRA" indicate cells that are transfected with
scrambled negative control siRNA.
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Figure 42: Spl knock-down resulted in significant down-regulation of ATlR mRNA
in control cells. mRNA transcription significantly reduced after 13cRA treatment. DualPCR performed targeting

~-actin

and ATIR mRNA and visualized on ethidium bromide

agarose gel. The image was captured and quantified using the BioRad VersaDoc,
QuantityOne software. Quantitation of multiple analyses of ATlR expression were
normalized to

~-actin

and data are expressed as mean ± SEM, n=3 . ***p<0.0001

compared to untreated control. "(-)Ctrl" and "(-)RA" indicate cells that are transfected
with scrambled negative control siRNA.
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Figure 43: Spl knockdown resulted in significant down-regulation of ATlR
receptor density in 13cRA untreated cells. Radio-labeled ligand binding assay showing
elimination of binding of Angil to membrane receptors after Spl knockout . Radio-ligand
binding assay after 48 h siRNA transfection and 24 h 25 µM 13cRA. All data are
expressed as mean± SEM, n=3. ***p<0.0001. "(-)Ctrl" and "(-)RA" indicate cells that
are transfected with scrambled negative control siRNA.
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Chapter 5
DISCUSSION

Numerous studies have shown that alterations in ATIR expression leading to
altered regulation of . downstream intracellular modulators dictate specific patterns in
downstream effectors; however, the role of these intracellular modulators on ATlR
transcription remains enigmatic (Bonde et al. 2010; Ozawa et al. 2011; Wakui et al.
2010). In this study, I examined the effect of 13cRA on the expression of ATlR in rat
liver epithelial cells known to express the native protein. My results show that 13cRA is
capable of down-regulating ATlR cell-surface expression by down-regulating its mRNA
expression through a MAP kinase mediated intracellular signaling that is insulin and
glucose independent. The observed down-regulation is further correlated with
intracellular signaling, such as intracellular calcium release, showing that the reduction in
receptor density significantly disrupts Angil's ability to enact cellular responses.
The blockade of ATlR stimulation has profound protective effects in
pathologically affected tissues relative to Angil signaling (Baumann et al. 2010). In this
particular study, preconditioning with ATlR blockers showed improved prognosis in
spontaneous hypertensive heart failure rats; additionally, these rats showed reduced
sensitivity and lower receptor expression in· cardiac and aortic tissue. I may therefore
suggest that reduced receptor expression as well as a reduction in the normal cellular
response from either circulating or locally (tissue) derived Angil is beneficial in those at
risk of over-active renin-angiotensin system consequences. Depending on confidence of
scope, one may limit my findings strictly to the cell-type on which this study was
conducted. These were not cardiomyocytes nor were they vascular-smooth muscle cells,
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but Angll is an effective hormone across a wide spectrum of body tissues. For the liver in
particular, one may take account of Angll's potent activity. Studies have shown that
blockade of ATlR in liver hepatocytes can attenuate fibrosis and steatosis (Ratziu and
Zelber-Sagi 2009). Angll is not the causative agent of these conditions, but it can
influence the rapid progression to more irreversible states if left untreated by inducing
oxidative stress in at-risk livers (Wei et al. 2008). In previous studies, ARBs and ACEis
have lowered the fibrosis index score of at risk livers (Yoshiji et al. 2009; Kim et al.
2008). This was taken as evidence that one may slow the progression of steatosis and
fibrosis by inhibiting the renin-angiotensin system of the liver, or at least the
ATlR/Angll interactions prevented by ARB or ACEI therapy. Therefore, the observation
in this liver cell model represents a finding of significant clinical importance disregarding
any effect not seen in other cell types.
Although my study is in one particular cell type, the findings have broader
implications. Retinoids have been associated with improved responses to cardiac cellular
injury. Vitamin A and its subsequent metabolism into retinoic acid has been proposed as
a potential means for the regression of cardiac hypertrophy (Maier 2008). All-trans
retinoic acid (atRA) treatment prevents medial thickening of intrarenal and
intramyocardial arteries in the SHR model (Lu et al. 2003), a model known to have upregulated ATlR expression. Also, atRA supplementation has been shown to have
protective effects on hypertrophic cardiomyocytes (Wang et al. 2002). Angiotensin II
treatment in these cells resulted in increased protein production, as well as expression of
a number of genes encouraging a hypertrophic phenotype. All-trans retinoic acid
treatment significantly attenuated the expression of the hypertrophic effects after Angll
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exposure. In a related study involving an in vivo model , retinoic acid significantly
attenuated ventricular remodeling after myocardial infarction, a process known to be
enhanced by Angil stimulation (Paiva et al. 2005). It has been reported that MAP Kinase
phosphatases are up-regulated during atRA treatment (Palm-Leis et al. 2004). However,
as with many of the recent analyses, MAP Kinase activation as the characteristic marker
for hypertrophic activation is contingent upon Angil stimulation of the ATlR. For
example, a study showed that atRA treatment prevented cardiac remodeling in aorticbanded rats, a procedure that leads to increased Angll release (Choudary et al. 2008a).
This study indicated that if the rats are pretreated with atRA, Angll mediated MAP
Kinase p42/p44 activation is prevented after aortic constriction. The finding is distinct
from my observation, in which Angll is not a significant stimulator of MAP Kinase
p42/p44. In other words, MAP Kinase activation in my study is unrelated to ATlR
activation by AngII and therefore may be considered as a distinct acute signaling
mechanism. I may digress to emphasize the importance of this distinction. Many studies
focus on Angil mediated signaling without taking changes in signaling proteins into
account before and unrelated to Angil stimulation. My study does not bring Angil
signaling into consideration as Angil is not significantly supplied in the cell media, and
the cells themselves do not produce a significant amount for self-stimulation. In cases in
which Angil supplementation does occur, internalization of the receptor is an effect that
must be considered. Angll binding of the ATlR results in receptor mediated endocytosis,
a process depending on the action of G-protein receptor kinases, reducing the receptor
density expressed on the cell surface (Harris 1999). The receptors may undergo recycling
back to the cell surface, or they may be degraded by cellular proteases. The recovery of
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internalized ATlR is relatively inefficient because, after internalization, cells grow
rapidly unresponsive to AngII (Thekkumkara and Linas 2002). Therefore, I may isolate
AngII signaling (as in our calcium mobilization studies) into a separate compartment that
focuses upon ATlR expression itself and assess the responsiveness of cells in an acute
state. Additionally, in studies in which I determine receptor density, we may conclude
that a reduction in receptor expression is not due to over-stimulation by Angil and
subsequent internalization, but rather by application of 13cRA, which is not a ligand for
the ATlR. Any MAP Kinase activation seen is exclusively due to the application of
13cRA, and we may gain perspective how these MAP Kinases serve as a natural negative
feedback mechanism. Interestingly, we may also consider MAP Kinase activation by
AngII to explain its role in ATlR down-regulation in tissues in which receptor downregulation occurs at the transcriptional level. As discussed in chapter 1, AngII is a potent
activator of MAP Kinase p42/p44, along with several other MAP Kinases (Nickenig et al.
1998; Reja et al. 2006). However, I propose we consider the inherent negative feedback
that MAP Kinase p42/p44 activation may play in the down-regulation of the ATlR.
AngII

stimulation

reduces

expression

of AT 1R

through desensitization

and

internalization (Thomas et al. 1996), but it also has direct effects on the expression of
ATlR mRNA (Lassegue et al. 1995) through reduced transcription and mRNA
destabilization. This may be partially explained through the activation of MAP Kinase
p42/p44, already known to be associated with stimulation by AngII, with the new cascade
of down-regulatory signals outlined in this study.
It is also important to consider the possibilities in reduced ATlR expression via

interference with mRNA transcription and translation. It is possible that the mRNA may
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be degraded at higher levels, as in the case of binding of 3'-UTR by RNA binding
proteins (RBPs) and microRNA-155 (Nickenig et al. 2002; Pende et al. 1999; Martin et
al. 2006). This degradation leads to a diminished template for translation of new ATlR
protein and ultimately to a reduction in cell-surface expression. However, my study does
not indicate that the mRNA is being degraded faster by 13cRA treatment. In fact, the
calculated half-lives were either unchanged, as in my study when actinomycin D
treatment began simultaneously with 13cRA administration, or increased though not
significantly, as in studies in which cells were exposed to 13cRA for 16 hours before
actinomycin D treatment.
This study clearly demonstrates that MAP Kinase p42/p44 is essential to 13cRA
mediated down-regulation of ATlR. This is contrary to much of the existing data
involving ATlR induced MAP Kinase activation. Furthermore, studies in the past have
implicated retinoic acid-mediated AnglUATlR response disruption by down-stream
signaling pathways. All-trans retinoic acid treatment has been shown to up-regulate
super-oxide dismutase (Choudary et al. 2008a). This was strongly supported from a
previous observation that atRA treatment prevented Angil induced oxidative stress in
cardiomyocytes (Choudary et al. 2008b). Therefore, the conclusion was that reduction of
the oxidative stress by retinoic acid nullified the Angil mediated cellular damage and
inhibited cellular apoptosis. Additionally, atRA has been shown to directly affect the
transcription of the ATlR gene in vascular smooth muscle cells (Takeda et al. 2000)
partially supporting our observation of the transcriptional repression of ATlR by retinoic
acids. Although the protein directly affecting the transcription of the ATlR was unknown
from the study, it was shown that RAR/RXR-dependent transcription of this unknown
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protein was critical for the down-regulatory effect by atRA. The results from retinoic acid
studies are not exclusively devoted to cardiac tissues. Indeed, there is one study that
indicates 13cRA may impede Angll induced hypertension by a direct effect on kidney
tissues (Morath et al. 2009) . Upon infusion of Angll, blood pressure was shown to be
markedly elevated. However, with simultaneous treatment with 13cRA at both high and
low doses, the increase in blood pressure by Angll was abolished. Additionally, renal
damage in sub-totally nephrectomized rats was markedly attenuated with concomitant
treatment with 13cRA. Between my own observations in liver cells, the lowering of
blood pressure in the nephrectomized model as well as down-regulation of stimulation by
Angll in the renal cortex, and observed anti-hypertrophic effects of retinoic acid (Wang
et al. 2002; Wu et al. 1996; Lu et al. 2003), I believe that the effect of 13cRA on ATlR
expression is not tissue specific.
MAP Kinase p42/p44 has been shown to be a potent down-regulator of a host of
genes, and thus I may use some examples as a useful guide to understanding the
relationship MAP Kinase p42/p44 has with ATlR. MAP Kinase p42/p44 may downregulate at the post-transcriptional level. The luteinizing hormone receptor (LHR) is
down-regulated by increased expression of LHR RNA binding protein (LRBP) in a MAP
Kinase dependent manner (Menon et al. 2011). Perhaps more relevant to my study, the
amiloride-sensitive epithelial sodium channel a-subunit is directly down-regulated by
MAP Kinase p42/p44 (Zentner et al. 1998). More importantly, this down-regulation by
MAP Kinase p42/p44 is accomplished exclusively at the transcriptional level. Perhaps the
most interesting example of down-regulation by MAP Kinase involves the integral
membrane protein of caveolae, caveolin-1 (Engelman et al. 1999). Caveolae are
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invaginations of the plasma membrane and play a significant role in vesicular trafficking
events and signal transduction (Engelman et al. 1998). Caveolin-1 is an essential
intermediary for the cross-talk between G-proteins and second messengers such as Ras or
Src family kinases (Okamoto et al. 1998). Thus, activation of the ATlR by AngII and the
subsequent activation of signal mechanisms, such as ras/raf, PI-3K, and JNK typically
involve cross-communication facilitated by caveolin-1. The reason this is of particular
importance is that activation of MAP Kinase p42/p44 has a direct down-regulatory effect
on the expression of caveolin-1 (Engelman et al. 1999). By increasing the concentration
of the MEK inhibitor PD98059, the expression of caveolin-1 dramatically increased in
NIH 3T3 cells. The significance of this finding is considerable, assuming the same
cascade in my own study. After AngII stimulation of ATlR and MAP Kinase p42/p44
activation, the protein facilitating the cross-communication between G-proteins and
ras/raf signaling may be inhibited. This is classic negative feedback. Additionally, this
effect should synergize the direct down-regulation of the ATlR by MAP Kinase p42/p44
I observed in WB cells. Assuming both down-regulations occur, the cells would express
lower concentrations of the receptor, and the receptors that are expressed have inhibited
ability to pass on their signals. Further investigations should provide insight as to whether
this is the case.
Cellular adaptation, development, and differentiation require the programmed
i;egulation of gene expression; gene expression is largely controlled by the initiation of
the synthesis of new messenger RNA, also referred to as transcription. To better
understand the gene regulation relevant to my study, I focused upon the elucidation of the
mechanism of 13cRA mediated down-regulation of the angiotensin type I receptor. By
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serial deletion of the promoter sequence, I determined that distal Spl binding sites had a
major importance in the down-regulatory function of 13cRA, but how this was
accomplished through a MAP Kinase dependent mechanism was unknown. By further
investigation, I demonstrated that production of early growth response protein 1 (Egr-1)
resulted in a protein-protein interaction that subsequently led to lower binding activity of
Spl to the distal elements of the ATlR promoter. By gene knockdown experiments I
demonstrated that Spl is a key mediator of basal transcription of ATlR rnRNA, and that
by knocking down Egr-1 I can eliminate the down-regulatory function of 13cRA.
Spl's primary role in the expression of ATlR is consistent with the literature. Spl, along
with Sp3, has been identified as an essential transcription factor for expression of human
ATlR in H295-R cells (Zhao et al. 2001). Promoter analysis indicates that the rat and
human promoters both contain proximal Spl consensus sites, but the distal element
identified to be critical in this study is not present in the human (GenBank Accession No.
HSU07144). There is a sequence with close homology with Spl response elements
referred to as a MalT-box located -3891 bp upstream of the transcription start site. The
MalT-box refers to the transcriptional activator, MalT, an E. coli conserved protein,
which binds GA rich motifs (Richet and Raibaud 1989). While Spl typically is associated
with GC rich motifs, it has been shown that there may be substitutions in which the
cytosines may be replaced with either adenosine or thyrnidine, and the Spl protein still
binds with high affinity (Bouwman and Philipsen 2002). Whether a distal Spl interaction
based on the MalT box is present in the human remains to be investigated because studies
so far in the literature have focused on proximal regions on relatively short sequences.
However, Spl function in ATlR regulation differs between the human and the rat. Spl
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overexpression studies have shown that the expression of rat ATlR may be enhanced by
Spl overexpression (Sugawara et al. 2001), while this effect is not observed in the human
(Zhao et al. 2001). It would appear that the transcription dictated by Sp 1, referring to the
basal transcription, is at a maximal state in the human. This may be explained by the fact
that the consensus sequences for Spl in the human are only located in the proximal
regions to the start site whereas the distal Sp 1 regions may add another control
mechanism through Spl binding in the rat. Therefore, it may be that any sequestration of
Sp 1 by Egr-1 in the human disrupts transcription in a distinct zone of the promoter, but in
a similar fashion with the rat promoter. The suggested mechanism needs additional
studies; however, human studies are difficult, particularly because cell lines are difficult
to isolate with reliable high expression such as that found in these WB cells.
Early growth response protein 1 (Egr-1), also known as zif268, NGFl-A, Krox24,
and TIS8 (Lim et al. 1998), is a zinc-finger transcription factor belonging to the same
nuclear factor family as Spl and Sp3. The three zinc fingers in this protein are conserved
and specialized prosthetic groups essential for this transcription factor's ability to interact
with DNA response elements [Fig. 44 & 45]. The similarity in these tertiary structures
contributes to the binding similarities between the members of this group, particularly
GC elements (Al-Sarraj et al. 2005).

However, Egr-1 is distinct in its binding

characteristics and is particular! y active at 5 '-GCGGGGGCG-3' moieties within GC rich
regions (Silverman and Collins 1999). In fact, mutations of this characteristic element in
studies have shown that affinity for GC elements is lost if a single internal guanine
residue or the 3' cytosine is exchanged for an alternate base (Zhang et al. 2007). Often,
Egr-1 elements are integrated within regions sharing the particularly GC-rich motifs

130

Texas Tech University Health Sciences Center, Russell Odell Snyder, August 2011

A

Egr-1

c

N
Activation
Domain

Inhibition
Domain

B

Zinc Fingers

Sp1

c

N
Inhibition
Domain

Activation
Domain

Activation
Domain

Zinc Fingers

Figure 44: Key domains of the Egr-1 and Spl proteins. N-terminal activation domains

interact with transcriptional activators, such as CBP and p300, while repression domain,
located centrally on Egr-1 are conserved to interact with repressor molecules NAB 1 and
NAB2. The inhibitory domain of Spl is located N-terminally. Zinc finger domains are
grouped together and are mediated by cysteine/histidine crosslinking, and are necessary
for DNA binding to characteristic 5'-GCGGGGGCG-5' domains. Image adapted from
Thiel and Cibelli. Regulation of Life and Death by the Zing Finger Transcription Factor
Egr-1. Jour Cell Physiol. 193:287-292, 2002 and Bouwman and Philipsen. Regulation of
the activity of Spl-related transcription factors. Mol Cell Endocrinol. 195: 27-38, 2002.
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Figure 45: Egr-1 structure and interface with DNA helix. Each zinc finger is
composed of two

~-sheets

and a single a-helix which acts as the DNA interacting

element. Each finger contains a single coordinated zinc molecule, contained within sidechains of conserved histidine (from a-helix) and cysteine (from

~-sheets)

amino acids

(Wolfe et al. 1999). Shown in purple and blue is the DNA molecule being acted upon (in
Egr-1 's case it would be the characteristic 5'-GCGGGGGCG-3' motif). 3D model
adapted from Elrod-Erickson M, Benson TE, Pabo CO. High-resolution structures of
variant Zif268-DNA complexes: implications for understanding zinc finger-DNA
recognition. Structure. 6:451-464, 1998.
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specific for Spl and Sp3 binding 5'-GGGCGG-3' (Khachigian et al. 1995, Zhang et al.
2007). Egr-1, like many transcription factors, has either activation or repression function
depending upon whether co-activators or co-repressors are recruited. Egr-1 can interact
directly with CREB-binding protein (CBP) and p300, very similarly to Spl, in order to
activate gene transcription by the co-activators' inherent histone acetyl transferase
(HAT). However, for purposes for clarification to Egr-1 's relevance in my own study,
the Spl binding element ~ocated distally in the EMSA does not possess a putative Egr-1
binding element. (5'-GCGGGGGCG-3').

In fact, there are no characteristic Egr-1

binding elements located within the 3300 base pairs investigated in the rat ATlR
promoter in this study. Therefore, Egr-1 binding is not necessarily important as a direct
trans-acting factor, but rather an indirect protein interference factor inhibiting binding of

Sp 1 by a protein-protein interaction.
Early growth response protein-I, as its name suggests, is an immediate response
gene, though some sources characterize it as an intermediate response protein (Zhou et al.
2010) putting it in the same time-frame of other kinase dependent effector transcription
factors like c-fos and c-jun. Its steady state expression is relatively low, but upon
activation of MAP Kinases, it is rapidly induced (Hoffman et al. 2008); in my studies, I
observed Egr-1 activation within 20 minutes and peaking up to one hour. Studies in the
past have characterized Egr-1 as having a dual-effect depending on its particular targets.
In cancer studies in particular, Egr-1 acts as enhancer in tumorigenesis (Sauer et al. 2010;
Lemieux et al. 2009; Goldhar et. al 2005), but this finding is contigent upon co-signaling.
In the case of Sauer et al. Egr-1 contribution to tumorigenesis is a result of mutant p53
protein, which would normally act as a tumor suppressor but once the mutation was
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introduced acted as an oncogene. In this case, the activation of MAP Kinase is a result of
abnormal p53 activity and not Egr-1 function. Thus we must visualize Egr-1 's function in
a non-cancerous cell, in which it acts instead of a tumorigenic factor rather as a tumor
suppressor (Liu et al. 1996; Frantini et al. 2008). Most importantly, we must consider cosignaling. In studies focusing upon Egr-1 activation in vascular pathology, it is usually
accomplished by initiating cellular stress in one way or another. In hypoxiareoxygenation experiments, Zhou et al. found that Egr-1 expression was increased upon
hypoxic conditions followed by reoxygenation (Zhou et al. 2010). This was accomplished
by activation of cellular stress kinases (p38, p42/p44, JNK); the subsequent activation of
Egr-1 led to transactivation of downstream targets such as TGF-~, ICAM-1, tissue factor,
and PDGF (Khachigian et al. 1996; Silverman and Collins 1999; Okada et al. 2001;
Khachigian

2006)

that lead to

vascular hyperpermeability, coagulation, and

inflammation. Therefore, the conclusion was that Egr-1 production is detrimental to the
outcome of hypoxia-reoxygenation. However, in my findings coupled with what is
known about exposure to 13cRA, Egr-1 is not an inflammatory mediator in itself, and the
transient up-regulation seen in these studies had no damaging effects in these WB cells.
Egr-1 activation in the past has been accomplished by chronic cell stress leading to
multiple MAP kinase activations and subsequent activation of the negative pathways, but
we can be selective with 13cRA, as it is not associated with the activation of p38 or JNK
(Jameel et al. 2009), and single activation of p42/p44 may give a dramatically different
result.
My observation of a direct interaction between in Egr-1 and Spl has been
recognized in previous studies. Jain et al have suggested that Egr-1 and Spl can directly
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bind one another (Jain et al. 1996) and may limit their respective binding to gene
promoters (Srivastava et al. 1998), but this interaction is dictated by Egr-1
phosphorylation by casein kinase II. When phosphorylated by casein kinase II, Egr-1 has
lower binding affinity for Sp 1; interestingly, casein kinase II has also been associated
with the inactivation of Spl by phosphorylation (Harris et al. 2008). The relevance to my
own study could be considerable. If Egr-1 first binds to Spl, then dissociates by upregulation of casein kinase II, there could be indirect inactivation of Spl by the same
mechanism. Therefore, long-term down-regulation of ATlR transcription may involve
inactivation of upregulated Egr-1 and Spl via casein kinase II. On the other hand, there
is another possibility. Egr-1 directly induces the corepressor NGFI-A binding protein 2
(Nab2) which inhibits the activity of Egr-1 by direct protein-protein interaction (Svaren et
al. 1996; Kumbrink et al. 2005), thus leading to a strict negative feedback loop. Egr-1 is
the primary inducer of this gene, and when knockout studies have been performed, the
expression of Nab2 is significantly reduced. In Egr-1 deficient animals, which are
normally viable with the exception of female infertility, signaling resulting in
hypertrophy has been shown to be hypersensitive, though the results did not consider
renin-angiotensin signaling but rather genes related to signaling via catecholamines
(Saadane, 2001). It may be possible that just as there is cross-talk between casein kinase
II and Sp 1, there may also be Nab2 interaction with Sp 1 as yet to be observed. Future
studies are needed to determine whether there is any direct interaction between these two
factors. What is important to consider is that Egr-1 production is a controlled process.
Unless the conditions exist for perpetual cellular stress and feedback TNF-a activation,
Egr-1 activation is brief, and repeated exposure to 13cRA will likely not be associated
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with uncontrollable proliferation of the Egr-1 signal to which much of the literature
considers it as a damage to the cardiovascular system (Gao et al. 2009; Zhang et al. 2007;
Zhou et al. 2010). In fact, much of the data shown in these studies suggests profound
activation of MAP Kinases already known to be associated with hypertrophy,
hyperplasia, detrimental cellular pathology, and production of Egr-1. If MAP Kinase
activation is a common factor, Egr-1 is likely to be suspect as it is directly activated by
each of these messengers.
From the literature, we may characterize how MAP Kinase p42/p44 activates the
transcription of Egr-1. All of the MAP Kinases involved in Angil signaling (that is MAP
Kinase p42/p44, MAP Kinase p38, and c-Jun N-terminal kinase (JNK)) lead to the
interaction between ternary complex factors (TCF, such as Elk 1 and SAP-1) and serum
response factors (SRF) that induce the transcription of Egr-1 (Treisman 1995; Lim et al.
1998; Duan et al. 2002). We may assume that upon over-expression of ATlR in a
pathological state, enhanced MAP Kinase (all MAP kinases involved in Angil binding to
ATlR) activation could lead to long-term over-expression of Egr-1. However, there is
nothing to suggest that this Egr-1 is not responsible for negative feedback upon Angil
induced down-regulation of its own receptor. It is entirely possible that it is a crucial
component to Angil self down-regulation of the ATlR. In tissues in which increased
Angil concentration results in increased expression of ATlR (HPTEC, adrenal cortex,
etc ... ), it may be that Egr-1 negative regulation is superceded by the oxidative stress
generated by Angil mediated signaling as the literature suggests (Liu et al. 2008; Gurantz
et al. 2005, Peng et al. 2002).
As an interesting concluding note for Egr-1 we may integrate past observations
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with my own hypothesis in MAP Kinase signaling. As stated before, Egr-1 up-regulation
is a MAP Kinase dependent process. It has also been demonstrated that 17B-estradiol
levels are associated with down-regulation of the ATlR and improved vascular condition.
It has been shown that Egr-1 is activated in MCF-7 cells upon treatment with 17Bestradiol (Chen et al. 2004) . Moreover, this activation is through a non-genomic or
"extra-nuclear" pathway. The extra-nuclear effect could have strong parallels with our
13cRA studies, as the time-course does not permit a logical manipulation of cell signaling
via retinoic acid nuclear receptors . In further support of the estrogen theory, the
aforementioned study by Srivastava et al. controlled phosphorylation of Egr-1 and
subsequent binding to Sp 1 by estrogen replacement in ovariectomized test animals
(Srivastava et al. 1998). It was shown that estrogen replacement reduced the activity of
casein kinase II and thus increased the formation of interactions between Egr-1 and Spl.
Especially in the context of the research in our laboratory (unpublished study) which has
seen a down-regulatory effect by estrogen metabolites through extra-nuclear mechanisms,
this comes as a tremendous link between seemingly disparate phenomena connected by
the unlikely but ubiquitous MAP Kinase p42/p44.
This study provides compelling evidence of a down-regulatory role by 13-cis
retinoic acid on the ATlR; this role is dependent on MAP Kinase p42/p44 and dictates
transcriptional repression. Further studies demonstrated that insulin and glucose were not
involved in 13cRA down-regulation of ATlR as I had originally hypothesized.
Moreover, the effect of trichostatin A (TSA) treatment remains unclear. I provided
evidence that the action of HDAC is essential in 13cRA mediated down-regulation of
ATlR, but exactly how it is an essential signaling intermediate remains unknown . It may
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be possible that HDAC deacetylates the ATIR promoter more actively if CBP and p300,
with their inherent histone acetyl-transferase activities, are less effectively recruited by
Spl. It may also be possible that HDAC activity has an upstream effect in the Egr-1
synthesis stage of this down-regulation. Another possibility lies in HDACI and HDAC2
phosphorylation by casein kinase II. It has been demonstrated that these HDACs are
activated by phosphorylation by this kinase (Davie et al. 2008). As mentioned previously,
Spl and Egr-1 are both inactivated by this same kinase, and there may be an additional
element in ATlR silencing (Harris 2008; Srivastava et al. 1998). In this case, the Spl is
initially sequestered by direct Egr-1 binding, which I observed in this study, and is then
deactivated indirectly by casein kinase II , while HDACl and HDAC2 are simultaneously
activated. Their action would then deacetylate the promoter, leading to further ATlR
down-regulation by making the enhancer and initiation sites inaccessible to RNA
polymerase for gene transcription. Additional studies should reveal the exact relationship
of HDAC with this system. With regard to direct MAP Kinase activation by 13cRA, it is
possible that binding of cytosolic binding proteins, such as cellular retinoic acid binding
protein II (CRABP-Il) or fatty acid binding protein 5 (FABP5), give opposing effects
through divergent signal transduction pathway activation (Schug et al. 2008) leading to
differential signaling in a tissue specific manner. High expression of CRABP-II in this
study was associated with enhanced effectiveness in RA-induced apoptosis, whereas
overexpression of FABP5, led to facilitative effects for the tumor. I believe that this may
not be exclusively through the transport of retinoic acid to nuclear receptors , but rather
alternate signaling accomplished by the binding proteins themselves. Future studies may
support this hypothesis. Nevertheless, the results presented in this study favor the
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possible benefits of 13cRA as a suppressor of ATlR expression and function resulting in
potential multi-system protective effects. Additionally, I may conclude that PPARy
activation is not a significant participant in 13cRA mediated down-regulation. I did find
that PPARy activation by PGJ2 (PPARy agonist) did have a down-regulatory effect on
the ATlR, which was consistent with existing literature (Sugawara et al. 2001), and I was
able to reverse this down-regulation by PPARy with GW9662 (PPARy antagonist).
However, PPARy antagonism had no effect on 13cRA mediated down-regulation. In
addition , PPARy dependent ATlR down-regulation is reversed by the activation of MAP
Kinase p42/p44 (Sugawara et al. 2003), which is in inconsistent with my observations
with 13cRA. This study used a shorter promoter than that used in my own study, and
down-regulation by MAP Kinase may only be evident with longer promoter sequences.
Therefore, I concluded that 13cRA and PPARy down-regulate the ATlR through
independent pathways.
There are numerous benefits in the choice of 13cRA as a therapeutic agent. Other
retinoids , such as all-trans retinol, all-trans retinoic acid and 9-cis retinoic acid, are
shown to have increased toxicity at high doses, particularly if consumed as preformed
vitamin A (Mulholland and Benford 2007). In fact, adverse effects may be observed with
intake of retinol equivalents of only 1500 µg , which is less than two-fold greater than the
recommended daily allowance. Liver toxicity is also a concern, as the liver acts as a
reservoir for fat-soluble vitamins like retinal. Contrastingly, 13cRA, aside from its potent
teratogenic effect, carries very little risk as an acutely toxic agent. In one case, an
overdose of greater than 900 mg resulted in only minor and temporary dermatological
and

corneal

manifestations

with

permanent damage (Aubin et al. 1995). In

no
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other words, 13cRA has been referred to as the "liver sparing retinoid". To add to its
advantages, 13cRA does not induce cytochrome p450 enzymes [CYPlA 2C, 2El, 3A,
and 2D6] in the way that all-trans retinoic acid does (Muindi et al. 2008). However, there
are disadvantages in 13cRA application as a therapeutic agent. The principal concern for
13cRA therapy is its profound teratogenic effects (Ganceviciene and Zouboulis 2007).
Even low concentrations of 13cRA can cause significant birth defects in all stages of
development, in particular the suppression of cardiac development in the first trimester.
Angil stimulation is critical in the development of cardiac tissue in the developing
embryo. I may propose that the mechanism by which the cardio-suppressive effect is
mediated through the down-regulation of ATIR in the embryonic tissue via 13cRA
leading to unresponsiveness in tissues to Angil. However, this proposed mechanism
requires future studies for validation. In addition, delivery of retinoids is relatively
inefficient as distribution is restricted by their high lipophilicity and limited absorption
from oral administration. Consequently, the dose of a 13-cis retinoic acid regimen is
relatively high, (40 to 80 mg/day) (Rigopoulos et al. 2010). There are promising
innovations in drug delivery methods, such as cyclodextrins, to improve the plasma
concentrations of smaller doses of 13cRA

(Lin et al. 2007; Trichard et al. 2007).

Increasing the oral bioavailability should increase the plasma concentration while
limiting the requisite dose, thus eliciting a greater effect and limiting unwanted sideeffects.
In summary, my results demonstrate for the first time that 13cRA has a glucose
independent mechanism for transcriptional inhibition of ATlR. The observed effects by
13cRA suggest its therapeutic potential in systems in which the ATIR expression is
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deregulated in insulin sensitive and insensitive tissues. As AngII stimulation of the ATlR
is important in disease progression of type II diabetics, this finding is of particular
importance. Moreover, the mechanism has been demonstrated to be reliant on both MAP
Kinase activation and Egr-1 synthesis ultimately leading to the disruption in binding of
Spl to the ATlR promoter. The results in the cellular model taken alone may also have
particular importance to the protective effects that vitamin A can have in the control of
exacerbation effects of AngII in liver steatosis and fibrosis.
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Chapter6
Conclusion and Future Studies

In this dissertation, investigation of 13-cis retinoic acid's effect on the angiotensin
type 1 receptor provides a novel mechanism by which the ATlR is down-regulated by
modulation of gene transcription. The observed effect is mediated by the activation of
Egr-1 in a MAP Kinase dependent manner. The highlights of this study are as follows.
First, 13cRA down-regulates ATl receptor density in rat liver epithelial cells in a dose
and time dependent manner. Second, 13cRA-mediated down-regulation of ATIR is MAP
Kinase dependent. Third, the transcription factor Spl is required for the basal
transcription of ATlR. Fourth, 13cRA activates Egr-1 gene transcription and protein.
Fifth, Egr-1

activation is MAP Kinase-dependent, occurs early upon

13cRA

administration, and through protein-protein interaction suppresses Spl 's ability to
activate ATlR gene transcription. I may state that the stages' upstream of MAP Kinase
activation are largely enigmatic, as the mechanism by which MAP Kinase p42/p44 is
activated by 13cRA is unknown at this time. Based upon the literature and the elusive
mechanisms of action associated with 13cRA, I suggest that early MAP Kinase activation
probably does not involve the early activation of retinoid nuclear receptors. Considering
the rapidity of the activation of MAP Kinase, which was within five minutes, I believe
that 13cRA signaling either begins with interaction with key membrane proteins as yet
unidentified, or perhaps by the binding of retinoic acid binding proteins that lead to the
immediate activation of MAP Kinase. Activation of MAP kinase leads to the upregulation of Egr-1 production, and the eventual disruption of Spl binding to the ATlR
promoter. As stated earlier, there may be key elements in Egr-1 inactivation that lead to
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further but indirect inactivation of Spl, though this finding remains to be examined. From
previous studies involving retinoic acid , though rarely 13cRA, I believe that long-term
administration of 13cRA may have significant effects upon the expression of the ATIR
in many organ systems, and therefore have significant systemic effects. In vivo studies
should reveal whether the administration of 13cRA has similar effects that I have
observed in vitro. .
However, the identification of the crucial mediators involved in between 13cRA
and MAP Kinase p42/p44 activation and the eventual down-regulation of the ATlR is a
critical step in understanding this complex cascade. May a known modulator of
proliferation, hypertrophy, and cellular damage like MAP Kinase p42/p44 result in an
overall opposing effect like the down-regulation of ATlR? I believe that MAP Kinase
p42/p44 acts as a down-regulatory control mechanism that is stimulated upon AngII
binding of the receptor. However, in past studies that have focused upon MAP Kinase
p42/p44 signaling, a common element found in many is the application of AngII,
resulting in cellular stress and co-signaling. The signal transduction accomplished by the
binding and activation of this GPCR is diverse. The novel finding of this study is that
MAP Kinase p42/p44 acts as a transcriptional repressor in the absence of oxidative stress,
which is known to be induced by AngII; therefore, AngII stimulation in this study plays
no significant role. Furthermore, until this study Egr-1 was not identified as a potential
signaling mechanism for MAP Kinase induced down-regulation of ATIR. Its
identification and verification as a crucial mediator of this process is a significant
contribution to the body of scientific literature. Future studies at translational and clinical
levels are needed to further validate its therapeutic effect to identify this as a potential
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therapeutic agent for the treatment of pathologies associated with deregulation of the
renin-angiotensin system. Based on those studies, it may be shown that 13cRA is a more
ideal choice for the treatment of conditions associated with the renin-angiotensin system.
However, it may be found that concomitant use of 13cRA with an existing
pharmaceutical compound, such as ACE inhibitors or ATlR blockers, may have
synergistic or additive effects, leading to better and more effective therapy for conditions
resulting from over-active Angll signaling.
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